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ADDENDA
1. To Bibliography, add:
Vanoni, V.A. and Nomicos, G.N. (1960) Resistance properties of sediment laden streams.
Transactions of the American Society of Civil Engineers, 125: 1140-67.
2. To end of first paragraph, p. 158, add:
However, to properly evaluate whether the law of the wall is applicable at this site, more
velocity measurements would be needed in the constant stress layer, that is, in the lower one toi
two metres of the profile. .
V . .
3. Third sentence, last paragraph, p.287, should read:
Firstly, early Holocene sea-level rise (Chappcll et al., 1983; Woodroffe et al., 1987) has. caused
the channel to enlarge to accommodate increased volumes of tidal flow.
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ABSTRACT
This thesis compares the morphodynamic behaviour of the South
Alligator, Daly and Adelaide rivers in far north Northern Territory.
Australia. These three macrotidal rivers have formed under similar
boundary conditions of climate and sea level rise, but exhibit dissimilar plan
and cross-sectional morphometries, hydrodynamic behaviour, bed sediment
characteristics and sediment transport regimes.
The rivers under consideration are large, funnel-shaped, meandering
estuaries which are tid^al for a distance of between 100 and 130 km. They are
characterized by high tidal ranges (up to 6 m), large width/depth ratios (up
to 350), high current velocities (up to 2.5 m/s) and high suspended sediment
concentrations (up to 16 g/1). Channel migration rates vary greatly between
and along the rivers, ranging from 0.1 m/year to 65 m/year. The monsoonal
cl imate of the region produces a highly seasonal fluvial runoff regime;
during the dry season the rivers are strongly tide dominated, ^hile during
the wet season, tides are modified by wet season flooding. The degree of tide
modification by fluvial floods 'depends principally on catchment size, which
ranges from -10000 km- in the South Alligator and Adelaide rivers, to -50000
k m 2 in the Daly river.
Both empirical and deterministic approaches are used in this study to
describe interactions between channel form, tidal hydrodynamics, bed
sediment texture and sediment movement in these three rivers. At several
locations along each river, field measurements were made of channel
bathymetry , t ida l behaviour , current velocities, suspended sediment
concentrations and bed sediment texture. Aerial photo interpretation
provided information on channpl widths, meander geometries and rates and
patterns of channel migration along each of the rivers.
Tidal elevation and current velocity data were used to calibrate a onc-
dimensional non-lineor tide model.—which was ran to predict tidal—behaviour
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in the three rivers under a range of hydrodynamic conditions. Tidal now
predictions obtained from the model were then applied to a suite of sediment
transport formulae to estimate saltation load transport capacities at different
points along each of the rivers. Tidal asymmetry is shown to greatly
influence the sediment transport regime in the rivers. f Shortened flood tide
dura t ions are accompanied by appreciably .higher current velocities than
prevalent during the ebb tides. Results show that the resultant of upstream
and downstream directed sediment transport, averaged over a year, depends
strongly on the degree of tidal asymmetry and the relation between tidal
prism and wet season fluvial flood discharge.
Special emphasif is placed on describing the evolution, morphometry
and hydrodynamic behaviour of cuspate meanders. These meander forms are
distinguished from regular sinuous meanders by a cusp-shaped inner bank
at the bend apex. Between successive bend apices, broad ovoid pools occur in
which flood and ebb flows pass on alternate sides of mid-channel shoals.
' Large horizontal eddies occur wi thin these areas and are shown to focus
sediments in shoals, thereby inf luencing meander bathymetry. Cuspate
meanders are shown to evolve from cutoff and/or enlargement of regular
•
sinuous meanders. The various tidal hydrodynamic and sediment transport
factors influencing the stability of cuspate meanders are discussed.
^
Observations of channel form, hydrodynamic behaviour >and sediment
transport are drawn together to illustrate the relative roles of tidal and
•
f l u v i a l forces in controlling channel morphodynamics in the three river
systems. Results show that they represent a spectrum of tidal river types,
ranging from strongly tide dominated in the case of the South Alligator
river, to strongly fluvially dominated in the case of the Daly river. The
«
influence of inherited channel morphologies on tidal river morphodynamics
is recognized.
CHAPTER ONE •\
INTRODUCTION
.1 INTRODUCTION TO THE THESIS
A satisfying ululation is the contending of a river with the sea.
Flann O'Brien, At Swim Two Birds, p. 14.
In the 'Tar north of Northern Territory, Australia, macrotidal rivers and
their floodplains have evolved to their present form since the post-glacial
marine transgression into coastal valleys about 8000 years ago. Estuarine
sediments and mangrove deposits accumulated in these valleys while sea
level rose and the valleys rapidly became large tidal swamp environments
with extensive mangrove forests and anastomosing tidal channels. After sea
level stabilized around 6000 years ago, these environments were gradually
overlain with freshwater clays deposited by wet season fluvial floods. Today,
most of the coastal embaymen^/ in the region have a single large tidal
channel flanked by a broad elevated fluvial floodplain. Lower-lying
freshwater swamp environments occur at the floodplain margins,
supporting an ecology quite different to that which existed during the period
of sea level rise.
While tidal rivers in far northern Australia have formed under similar
boundary conditions of climate and sea "level rise, they exhibit dissimilar
channe l morphometries, hydrodynamic behaviours, bed sediment
characteristics and patterns of sediment movement. This thesis examines the
comparative morphodynamic behaviour of three macrotidal rivers in
Northern Territory, Australia. These are the South Alligator. Daly and
Adelaide rivers, each of which are shown in Figures 1.1, 1.2, 1.3 and 1.4. The
term morphodynamic is used here to denote interactions between channel
form, hydrodynamics, sediment texture and sediment movement.
The South Alligator, Daly and Adelaide rivers arc large funnel-shaped
meandering estuaries situated in very low gradient coastal plains. Channel
width declines in a negative exponential manner with1 distance upstream;
from several kilometres at the coast to several tens of metres at the tidal limit,
between 100-and 130 km upstream. Mean channel depths range between 5
and 15 metres, so channel width/depth ratios are large by fluvial standards.
Spring tidal range at the coast varies between >6 and 7 m and river tides
are variously modified by passage upstream, according to channel geometry
and the volume of freshwater influx. For instance, in the South Alligator
*
river, high tidal ranges arc maintained for over 70 km upstream, while in
the Daly river, tidal range diminishes rapidly landward from the river
mouth. The extent to which tidal waves are attenuated and/or distorted
during their passage up the rivers plays an important role in modiHating
current velocities, rates of sediment transport and hence channel fonnation.
High tide ranges give rise to current velocities often exceeding 2 m/s and
suspended sediment concentrations greater than 16 g/1 are • attained.
Fluvial input plays an important role in modulating tidal dynamics of
. •
the rivers. As the rivers are situated in the wet-dry tropics, their freshwater
discharge regime is both highly seasonal and variable. Large fluvial
discharges result from monsoonal rains between December and April, during
which time the rivers may become fresh to their mouths and flow overbank.
The relative volume of wet season fluvial input into the respective rivers is
largely controlled by catchment size which varies greatly between the
rivers. At the height of the dry season, some of the rivers are fully mixed
wi th salt water to their tidal limits, while in others, salt water penetrates only
two-thirds or so of the way up river.
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Figure 1.1: Locations of tidal river systems and place names in northern Australia, referred to throughout? the thesis. \
Given the high energy macrotidal environment and the monsoonal
climate of the area, there are complex controls on "river hydrodynamics, ' •
sediment transport, and hence, channel formation. The balance between
tidal and fluvial forces along each of the rivers is modulated both by the
luni-solar tide cycle, and the volume and distribution of wet season runoff.
Some of the rivers display distinctive morphometries which reflect the
l
contest between tidal and fluvial processes in shaping channel form. The
South Alligator and Daly rivers, for instance, possess distinctive river bends
which resemble the estuarine meanders identified by Ahnert (1960) in
Chesapeake Bay. Maryland. These forms are distinguished from regular
sinuous meanders by a cusp shaped inner bank at the bend apex. Between
successive bend apices, broad ovoid pools occur in which flood and ebb flows
pass on alternate sides of mid-channel shoals. The evolution and
morphodynamics of ,these meanders attract special emphasis in this study,
where they are referred to as cuspate meanders. These forms are described
•
in futher detail in Chapter Two and Chapter Seven.
t
Differential rates of channel migration arc evident along and between
tidal rivers in the study area. Some rivers appear to be stable, while others
are undergoing rapid change, indicating that response to changing
boundary conditions may take several thousands of years and/or that some
systems are in more dynamic states of equilibrium than others. Low
migration rates are, in some instances, due to structural control, thus raising ^\
the need to view channel dynamics in the context of inherited forms.
The following sections in this" chapter define the objectives,
methodology and organization of the thesis.
.2 SCOPE AND OBJECTIVES OF THE THESIS
The present study was conducted within the framework of a .Jarge
disciplinary research program known as the Tidal Rivers and
Mangroves Project. This program commenced in 1983 under the direction of
Professor John Chappell, and involved the participation of more* than 15
scientists from the North Australia Research Unit and the Department of
Biogeography and Gcomorphology. Australian National University, the
Australian Institute of Marine Sciences and the Departments of Geography at
the Australian Defence Force Academy and the University of New South •
Wales. Several visiting scientists from academic institutes in China also
participated in the program.
The aim of the. Tidal Rivers and Mangroves Project was to elucidate
processes of vegetation and geomorphic change in coastal environments of
far north Northern Territory, Australia. Most of the work in the project
focussed on (i) the evolution of the tidal river floodplains (Chappell and
Woodro/fe, 1985; Woodroffe et a/..*1985a; Woodroffe et al., I985b; Woodroffe et
al., 1985c; Woodroffe et al., 1986; Grindrod, 1988; Woodroffe et al., 1989;
Chapp.eli, et al., in press), and (ii) the construction of late Quaternary sea-
level and vegetation histories (Chappell "and Grindrod, 1985; Woodroffe et al.,
i «
1986; Woodroffe et al., 1987; Grindrod, 1988). Other topics addressed by the
project included the mechanics of mud .transport by reversing tidal currents
/fwolanski et al., 1988), tidal river water chemistry. (Chappell and Ward, 1985; '
* ' .Sandstrom, 1985; Chappell and Bardsley, 1985; Wolanski, 1986) and floodplain
soil chemistry (Melville} 1988), estuarine foraminifera assemblages (Wang
Pingxian, personal communication), detrital production and tidal flushing in
mangrove swamps (Woodroffe. 1985), mangrove plant ecology (Davie. 1985;^
Bardsley. 1985). and mangrove' ecophysiology (Ball and Pidsley. 1988).
The present study of estuarine channel , form, hydrodynamics a'nd
'sediment transport is an extension of work initiated by the Tidal Rivers and
Mangroves Project in 1983. In formulating this study, the intention was to
develop a locally relevant process-based unders tanding-of estuarine
dynamics to help refine conceptual models of coastal landform evolution in
northern Australia. AI a more general level.* this study of channel form and _
process in northern Australia should contribute to a general theory aimed at
explaining tidal river form, hydrodynamic behaviour and sedimentation.
The specific objectives of this, thesis arc to:
( i ) describe and compare the plan and cross-sectional morphometries of
the three study rivers and estimate rates" of channel migration at
Various points along each of these; '
•
( i i ) .describe and compare the tidal behaviours of these rivers and to model
their tidal dynamics using a- one-dimensional numerical model;
^ *( i i i ) describe and compare patterns of suspended sediment transport and
bed sediment distributions wrthin the rivers;
( i v ) estimate the relative sediment transport capacities of tidal and
monsoonal floodwater flows at various points along each of the rivers
under different hydrodynamic conditions;
( v ) describe the morphometry of cuspate meanders present within the\
study rivers and describe - patterns of flow and sediment movement
within these forms; and
( v i ) explain the evolution of cuspate meanders and determine why. they, are
stable channel forms in some tidal rivers but not in others.
1.3 METHODOLOGY
This study employs existing analytical techniques and research
methodologies to investigate coastal geomorphic systems hitherto neglected
in landform process studies. It may be described as a systematic analysis of
north Australian tidal river form and processes, based on a mixture of
descriptive-empirical and deterministic approaches. As in a number of
coastal morphodynamic studies, emphasis is placed on interactions between
channel form, hydrodynamic processes, sediment texture and sediment
movement (Wright and Thorn, 1977). These interactions are investigated at a
range of spatial and temporal scales and are viewed in the context of
changing sea levels and climate, inherited topography, and the tendency for
geomorphic systems to attain dynamic states' of equilibrium. This
morphodynamic approach was first applied to estuarine systems by Wright et
al. (1973) in their study of the Ord and King rivers in northwestern Australia.
It has since been applied widely in a series of Australian beach and surf zone
studies (Wright et al., 1979; Wright et al., 1980; Short and-Wright, 1984; Wright
and Short, 1984; Short and Fotheringham, 19&6).
The experimental methods adopted in this study may be grouped into
9
•field, laboratory, statistical and numerical modelling techniques. These are
r
 summarized briefly below.
This study is largely field based; its major contribution being the
collection, analysis and. interpretation of a large volume of field data
gathered from a vast, remote and harsh study area. FieM measurement
included detailed surve^^of channel bathymetry, bed sediment distributions',
suspended sediment fluxes, current velocities and tide heights a"t various
points along each of the rivers, *for different times of the year.'
i.
All field measurements were performed during five visits to the
Northern Territory, amounting to a total of ten months away in the field. The
first trip was a one-month reconnaissance visit to the South Alligator river
in July, 1984, which.was followed up by a two-month visit to the South
Alligator and Adelaide7'rivers in October and November, 1984. The primary
purpose of this second trip was to test boats, flow meters, tide gauges and echo
\
sounders in the harsh study environment. Most of the field work was carried
out during two three-month Visits which commenced in July, 1985 and July,
1986. During these -two trips, the major bathymetric and channel sediment
surveys were conducted, and the bulk of the hydrodynamic data was
gathered. A one month visit to the South Alligator in February. 1986 was
\
embarked upon in an attempt to measure representative wet season
'hydrodynamic behaviour and sediment transport. Unfortunately, fluvial
inflow to the rivers was small during the time of this visit, so minimal^
hydrodynamic data was gathered. However, useful channel morphometric
and sedimentary data were obtained during this trip.
All field work was conducted from two vessels, these being a 5 m
aluminium QUINTREX dinghy fitted with a 40 h.p. motor, and an 8 m twin-hull
fibreglass SHARKCAT, fitted with twin 150 h.p. motors. The dinghy was used
primari ly for reconnaissance, bathymetric surveys, bed sediment surveys
and for near-surface, current velocity measurments: The SHARKCAT was used
for vertical profile current metering, deployment of tide gauges and for
surveying the broad river mouths, where large waves made .travelling in a
dinghy hazardous.
A suite of laboratory methods were used for map and air photo/
interpretation, analysis of river sediments and processing of data charts.
J-arge scale base maps were compiled 'from recent colour aerial photography
to enable measurement of channel widths and meander planform attributes.
Automated particle size analysis techniques were used to characterize bed
/
and suspended sediments throughout each of the rivers. Special purpose
computer programs were written to permit automated processing of
echograms, tide height and current velocity charts.
Statistical techjjiques were restricted to bivariate regression analyses,
applied to test relationships between the plan and cross-sectional form
variables measured in .the rivers, .; -
Finally, as hydrodynamic data was difficult to obtain for more than a
few locations and a few times of year, numerical modelling techniques were
used to gather more information on tidal dynamics. A one-dimensional tide
model was calibrated for each of the three study rivers, and is used
extensively throughout this thesis to generate tide height and current
i
\
velocity curves for a range of river locations and hydrodynamie conditions.
1.4 ORGANIZATION OF THE THESIS
The thesis is organized into eight chapters. Gaps in our understanding
o f - t i d a l river form/process interactions are identified in Chapter Two 6y
reviewing the state-of-the-art in the relevant scientific literature. Chapter
Three describes the physical environment in which the study rivers are set.
The plan and cross-sectional, morphometries of the three rivers are described
in Chapter Four, where-consideration is also g iven»to patterns and rates of
channel migration. Chapter Five~describes the hydrodynamic behaviour of
*
the rivers using tide height and current velocity data. A one-dimensional
tide model is calibrated for each of the rivers and then used to simulate dry
and wet season hydrodynamic behaviour. Chapter Six describes the nature of
the sediments transported in the study rivers and reports measured rates of
suspended sediment transport for different points alohg each of the rivers
ynder a range of flow conditions. Estimates of saltation load transport
capacities for various points along each of the rivers are also reported in this
chapter. Chapter Seven focusses on the evolution and morphodynamics of
cuspate meanders in the South Alligator and Daly rivers. Detailed
morphometric and hydrodynamic data for cuspate meanders are presented,
along with a simple conceptual model describing patterns of flow and
sediment movement within these meander- forms. Finally, the principal
conclusio-ns of the thesis are discussed in Chapter Eight, along with
, «
recommendations for further study.
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Figure 1.2: Channel map for the South Alligator-river, indicating principal
locations referred to throughout the text, locations of cross-section profiles
anet tide gauges, and channel distances relative to rivtr L
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Figure 13- Channel map for the Daly river, indicating principal, locations
referred to throughout the text, locations of cross-section profiles and tide
gauges, and channel distances relative to river mouth.
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CHAPTER TWO
PERSPECTIVES ON CHANNEL FORM AND PROCESS RELATIONS
2.1 INTRODUCTION
The purpose of this chapter is to (i) summarize the approaches adopted
in. and key findings resulting from, studies of form/process relationships in
fluvial and tidal rivtr channels, and (ii) identify gaps in the present
understanding of tidal river form and process interactions. Due to the large
amount of research which has been conducted on river channel dynamics,
the present review can do no more than provide a general overview of major
themes and findings. More detailed technical examinations of specific
aspects of channel form/process interactions are provided in following
si
chapters, where required.
This chapter is organized into three parts. Section 2.2 reviews studies of
fluvial channel form/process interactions. Such studies are reviewed here
because similar interactions occur in tidal rivers, particularly in" those
systems with large fluvial inputs, and because some of the methodologies
developed in fluvial research have been adapted to tidal contexts. Section 2.3
reviews studies concerned with form/process relationships in tidal rivers.
F ina l ly . Section 2.4 identifies gaps: in research dealing with tidal river form
and process interactions, thereby setting a context for the present work.
2.2 FLUVIAL CHANNEL FORM/PROCESS STUDIES
Alluvial channels are the result of flowing water and the associated
erosion, transport and deposition of sediments. The long profile, planform,
28
and cross-sectional shape of channels adjust cont inual ly and mutual ly ,
according to variations in patterns of current velocity and the amount and
tex tu re of sediment supplied to. and transported by. the channel.
The fluvial geomorphology and river engineering literature is replete
. w i t h studies detailing empirical relations between channel geometry, flow
hydraul ic variables and sediment properties, and the response of channels to
perturbations in these variables. It is not possible, nor necessary, to review
more than a small fraction of this work here. Emphasis in the following
review will be on studies which have guided either tffe understanding of
channel form and process relations or the approach to their study. In
par t icular , methodologies and results are reviewed which have been applied
to tidal contexts or have influenced our understanding of tidal river
b e h a v i o u r .
*
A benchmark series of publications on channel form and processes
appeared in the 1950's and 1960's, largely from a group in the United Stales
Geological Survey and their associates in American Universities
 ;(Leopold and
Maddock, 1953; Leopold and Wolman. 1957; Leopold and Wolman. 1960;
Bagnold, 1960; Schumm, 1960; Schumm, 1961; Schumm, 1963"; Langbein. 1964;
Langbein and Leopold, 1964; Leopold. Wolman and Miller, 1964; Leopold and
Langbein, 1966). The concepts and results in these studies became the focus
of almost three decades of subsequent work in alluvial channel dynamics.
Four principal themes are evident in the study of fluvial channel form
and process interactions, .these being (i) studies of the river channel .pattern
con t inuum, ( i j ) the causes and geometry of river meanders, (iii) the
der ivat ion of hydraulic geometry relations in channels, and (iv)
investigations into the effect of sediment texture on channel shape. Each of
these has engendered more specialized investigations of smaller scale
form/process interactions. -,
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2-2-1 The cont inuum
 9f river
From numc experiments and field observations, Leopold and Wolman
(1957) postulated that meandering, braided and straight channels were pan
\
of a continuum of channel patterns, governed by a similar set of hydraulic
variables. Leopold and Wolman investigated these forms with respect to
patterns of channel width, depth, slope and discharge, and concluded that for
a given discharge, meandering rivers had lower slopes than the braided
type. In a log-log plot of channel slope versus ' bankfull discharge, Leopold
and Wolman showed that braided rivers plotted above, and meandering
channels plotted below, a line described by the (metricated) equation
s = 0.013 Qb-°-44 ... (2.1)
where s is channel slope and Qb is bankfull discharge. Straight channels
*,
plotted between these two sets of data.
While essentially the same finding had been reported over a decade
earlier in the flume studies of Friedkin (1945), and concurrently by Lane
(1957), Leopold and Wolman (1957) introduced the concept of a threshold
condition separating the sinuous and braided channel state. Ironically, this
notion is quite inconsistent with the concept of a continuum in channel
form and process, introduced by the same study. Subsequently, a series of
empirical studies described relationships between the form and discharge of
braided and meandering rivers in different morpho-climatic settings
(Chitale, 1973; Miall, 1977; Schwartz. 1978; Osterkamp. 1978; Begin. 1981a;
Carson, 1984a; Chang, T985; Carson, 1986). Some of these challenged the
Leopold and Wolman (1957) discharge-slope relationship as a general
d iscr imina tor for braided and meandering river patterns, noting for
instance, that sand-bed rivers tended to braid at lower slopes .than gravel-bed
rivers at similar discharges. Such findings prompted more deterministic
30
investigations aimed at developing mechanistic explanations for, the
differences between meandering and braided patterns. These have
necessitated more specialized studies of the linkages between channel
hydraulics and sedimentation. Schurmn and Khan (1972). for instance,
conducted Hume experiments of braiding phenomena and demonstrated that '
•meandering and braided channels were separated by a critical stream power
thresru^ Braided channel patterns were shown to develop under conditions
of higher bed shear stress, a finding supported by Begin (198la) in a study of
relat ive shear stress in 359 streams.
More recently, Carson (1984b) argued against the notion of a general
hydrau l ic threshold for the transition from meandering to braiding,
emphasizing that the tendency for rivers to braid is controlled by
interactions between sediment calibre, the rate of sediment supply, and bed
shear stresses. The implication of Carson's argument is that there are several
combinations of discharge, slope, channel width/depth ratio, bed sediment
texture and rate of sediment supply, that can result in braiding. Sediment
supply rate, in particular, has recently attracted much attention in studies of
channel pattern. Examples of such studies include those focussing on
channel pattern changes induced by catastrophic events such as debris
avalanches (Bradley, 1984), volcanic eruptions (Meyer and Martinson, 1989)
and mining activities (Knighton. 1989). These show that the sudden injection
of bedload leads to channel widening and braiding.
Many tidal river systems exhibit combinations of meandering and
pseudo-braided channel patterns. The few reported typologies of tidal river
channel pattern tend to discriminate between those segments of channel
with high width/depth ratios, high shear stresses and sandy shoals or
islands, and those which are deeper, narrower and meandering, associated
with point bar sedimentation of finer material. (Ashley and Ren wick, 1983; ^
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Chappell and Woodroffc. 1985; Zaitlin. 1987). This' superficial resemblance
between fluvial and tidal rivers warrants further investigation.
122 The
 geometry, behaviour and C«II«M of river meander.
*
Studies of the geometry, flow behaviour and causes of river meanders
are among'sl the most actively researched areas of alluvial channel dynamics
(see for instance the conference proceedings volume of Elliot, 1984).
Many studies have focussed on empirical relationships between
meander parameters such as wavelength (Lm), amplitude (Am), radius of
curvature (Re), channel width (W), and discharge (Q). Despite there being a
wide variety of meander measurement techniques (Hooke, 1984) and a
divers i ty of physiographic and climatic settings in which meanders have
been observed, there appear to be some very general relationships of
meander planform geometry. These include (i) Lm = 10-12 W (Leopold and
Wolman, 1957; Leopold and Wolman, 1960; Zeller, 1967; Ferguson. 1975;
Richards, 1982), (ii) Lm = 4-5 Re (Leopold and Wolman, ^1957; Leopold and
Wolman. I960; Williams, 1986), and (iii) Re = 2-4 W (Bagnold, 1960; Leopold and
Wolman, 1960; Hickin, 1974; Hey. 1976; Nanson and Hickin. 1983; Hey, 1984;
#
Williams, 1986). Williams (1986) produced 40 empirical meander geometry
equations based on channel plan and cross-section dimensions from 194 sites
around the world. Most of these were based on samples of n > 50. yielding, in
most cases, R > 0.90. Such general relationships have prompted more detailed
studies of flow and sediment transport in river bends, aimed at defining the
\ '
^causes of meandering.
Theories of stream meanders arc diverse, involving explanations such
bank caving and building (Matthes, 1941; Quirashy, 1944; Friedkin, 1945),
secondary and helicoidal flows (Bagnold. 19^0; Tanner, 1960; Hey
as
transverse
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and Thorne. 1976; Thompson. 1986). the minimisation .of river energy
expenditure (Leopold and Ungbein. 1966; Yang, 1971; Davics and Sutherland.
»
1980) and earth rotation or coriolis effects. Many of'these are summarized in
the comprehensive reviews by Sakalowsky (1974). Callander (1978). Richards
(1982) and Morisawa (19.85). Most theories of meander evolution have arisen -
4
t
from flume studies, though, more recently, increased emphasis has been
placed on detailed field observations of meander migration and growth
(Kellers. 1972; Brice. 1973; Hookc and Harvey. 1983; Hooke, 1984; Lapointc and
Carson, 1986). The current trend in meander studies is for more detailed
process measurements of the component mechanics of river bends (Dietrich
et al., 1979; Davies and Sutherland. 1980; Begin, 1981b; Bridge and JarVis. 1982;
Dietrich and Smith, 1983; Nakagawa, 1983; Bridge, 19S4; Ikeda. 1984; Van
•
Alphen et al., 1984; Dietrich.' 1987). *
2.2.3 The hydraulic geometry of a l luv ia l channels
Shortly after Mackin (1948) drew attention to the ability of streams to
make rapid changes to their cross-sectional shape. Leopold and Maddock
(1953) introduced the hydraul ic geometry concept, demonstrating that, with
*
increasing discharge, channel width, depth and mean velocity mutually
increase as power functions according to the following relationships
W = aQb ...(2.2)
d = cQf , -. (2-3)
u = kQm -(2.4)
where W is width, d is mean depth, u is meaiv velocity. Q is discharge. Since
the product of W. d and u is equal toj}. _U follows that
b + f + m = l -.(2.5)
" *
a n d
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a . c . k = I • ...(2.6)
Equations (2.2) to (2.4) describe channel geometry both (i) at-a-station.
meaning for a single cross-section over a range of discharg«s, and (ii)
•downstream, meaning along the channel at a single discharge frequency,
such as bankfull. Using mean annual discharge as an index, the mean
downstream b-f-m exponent set cited by Leopold and Maddock (1953) for
ephemeral streams in the mid-western United States was (0.5-0.4-0.1),
indica t ing a tendency for channel width to increase most rapidly in relation
to discharge, closely followed by depth. Velocity, on the other hand,
apparent ly changes relatively l i t t le in relation to discharge.
The development of the hydraulic geometry concept prompted
/'
widespread studies of the variability of channel shape relationships with
hydrau l ic variables in different morpho-climatic settings (Brush, 1961;
Carlston, 1969; Thornes. 1970; Richards. 1973; Knighton. 1974; Rilcy, 1976;
Park. 1977; Rhodes. 1977; Parker, 1979; Klein. 1981; Knighton. 1987; Rhodes.
1987; Knighton and Cryer, 1990). Theoretical estimates of downstream b-f-m
exponent sets have also been derived. Leopold and Langbein (1962) and
Smith (1974) deduced triples of (0.55-0.36-0.09) and (0.6-0.3-0.1) respectively,
and both concluded' that these values reflected most probable or equilibrium
states which all channels tend towards.
However, several workers have argued that hydraulic geometry
relat ions proposed by Leopold and Maddock (1953) are unrepresentative of
conditions prevalent in most a l luvial channels. Thornes (1974), for instance,
noted, nu l l , linear and negative exponential relations between width and
discharge, while Brush (1961) and Carlston (1969) identified several
instances of decreasing and constant trends in downstream patterns of .
velocity. Park (1977) reviewed world-wide variations in b-f-m exponent sets
for 72 downstream, and 139 at-a-station cases, spanning a wide range of
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morpho-climatic environments. Widespread scatter in the data was observed
in both sets and no systematic variation was evident in relation to mbrpho-
climatic setting. tfhodes (1977) examined' data from 315 at-a-station hydraulic
geometry exponent sets and -found enormous scatter in the field
relationships. More recently, Phillips (1990) has suggested that the
hydrau l i c geometry relations in al luvial channels are essentially unstable
and that equilibrium states rarely arise.
* P
While large variability,,has been observed in the hydraulic geometry of
•» *
f luvial channels, there is striking regularity evident in
 tthe few exponent
sets reported for tidal channels. For small tidal creeks in the United States,
Myrick and Ceopold (1963) determined a downstream b-f-m exponent set of
(0.77-0.23-0.00), Langbein (1963)' found (0.72-0.22-0.06), Redfield (1965) found
(0.74-0.17-0.09) and Pestrong (1965) found (0.70-0.30-0.00). For the *
Maclennan estuary in New Zealand. Jenks (1975) found (0.81-0.20--0.01).
Thus field observations in tidal channels consistently show that velocity
changes l i t t le with discharge, that depth increases conservatively, and that
width increases very rapidly. Whether these relations hold for tidal sys'tems
subject to large fluvial inputs has not been determined.
A major deficiency of the downstream hydraulic geometry, approach 'is
its reliance upon a single discharge index, assumed to be the critical channel
C
forming flow. YU and Wolman (1987) argue that it is paradoxical to associate
channe l geometry with any single discharge value, because the channel
geometry at any one time determines the channel forming ability of ensuing
»
discharges. Using data from Indian canals and natural rivers in the Missouri
basin. YU and Wolman" demonstrated that mean channel width was related to
both the mean, and coefficient of variation in mean, discharge. They showed
tha t for similar mean discharges and channel material composition, natural
(variable flow) rivers, such as those of the Missouri( riveT basin, are much .
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narrower than canals with comparable discharges, where flow is regulated.
To the writer's knowledge, these*' relationships have not been systematically
explored in tidal rivers.
-
2
-
4
 Thg effect Qf sediment texture MI channel cross-sectional shape
Schumm (1960) examined the effect of sediment texture on cross-section
shape, relating the channel width-depth ratio (F) to an index of the
percentage of silt and clay in the- channel perimeter sediments (M),
calculated as ' • . '
M - (Sc x W) + (Sb x 2d)
W + 2d ... (2.7)
where Sc and S^ are the 'combined silt/clay percentages of the bed and banks
respectively.' Channel width (W) and .depth (d) were introduced into the
formulation to weight the sediment texture across the channel perimeter.
For ephemeral streams in the Grdat Plains in the United States, Schumm
(1960) found a strong correlation between F and' M, where
F = 255M-1-08 - ,.. (2.8)
finding R = -0.91 for n = 69. In a later study, Schumm (1971) related M to
width and depth independently, using mean annual discharge (0\iA) as an
i ndex , f i nd ing
d = 0.51QMA°-29M0.34 . ... (2.9)
a n d
W = 1.94 QMA0-38 M'0'-39 - (2-10)
Melton (1961). Benson (1965) and Miller and Onesti (1979) have each
t
criticized Schumm's use of,M. arguing that it introduces auto-correlation
when regressed against any channel form parameter. Thus, in a re-
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examination of Schumm's original Great Plains data. Ferguson (1973) used
bank silt/clay percentage (B) only, finding
W = 33.1 Q2.33°-58 B-0-66 ...(2.11)
Equations (2.8) to (2.11) each indicate that, holding discharge constant,
channels with high silt/clay percentages in their bed and/or banks tend to
be deep and narrow, while sandy channels are typically wide and shallow.
However, the generality of these statistical associations has been challenged
by several workers. For instance, neither B or M proved to be a reliable
discriminator of channel shape in studies reported by Riley (1975), Baker
(1978) and Pickup and Warner (1984).
The parameters B and M are examples of simple surrogate measures of
• ' •*
.bank shear strength. How these are to be more accurately quantified
appears to be unresolved. Tidal rivers, with their high tidal flow velocities
and uncohesive sediments, may prove useful for further investigating the .
effect of sediment texture on channel dimensions.
2.3 FORM AND PROCESS INTERACTIONS IN TIDAL'RIVERS
Campbell (1927) argued that tidal streams have no inclination to
meander, nor any inclination to cutoff existing meanders flopded by tides
t
through sea-level rise or floodplain subsidence. Based on a study of the
Mississippi, San Jacinto and James rivers, Campbell stated that the earthen
banks [of the tidal river] are blanketed and protected by a mass or curtain of
stagnant water which effectively prevents them from being corroded by the
current, no matter how much earthy material is carried by the stream nor
how closely it is confined [pi 542]. Barton (1928) responded to this claim by
citing several instances of active meandering in the tidal segment of the
Brazoc river, ?"** but suggested that it seems probable that most of the work
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of erosion, transportation, and deposition is accomplished exclusively during
times of flood, and that the stream has the tendency to meander only during
times of flood [p. 620].
While these perspectives may have been formed from too few
observations, they mark the beginning of an awareness that form/process
interactions in tidal rivers may differ from those in fluvial systems. Tidal
rivers differ from their fluvial counterparts in a number of important
respects. Firstly, flows in tidal systems are bi-directional. Secondly,
discharge at any point within a tidal river is governed by the tidal prism
passing that point, defined by the integrated tidal channel volume upstream
of that point. * Thirdly, the temporal relationship between water surface '
elevation and flow velocity is different in the two systems. In fluvial rivers,
velocity usually increases with flow stage. • Peak current velocity in ndal
systems normally occurs at intermediate stages, while minima tend to occur
at low and high water, except in certain cases. Fourthly, flows, in tidal
systems are considerably more variable over the scale of hours than in
fluvial rivers, because tidal currents are continually accelerating or
decelerating. Finally, while all sediment moves seaward in rivers, the
^
direction of net sediment transport in tidal rivers can be seaward or
landward, depending on the tidal behaviour wi th in , the river and the relative
magnitude of fluvial inputs.
' The literature on form/process relationships in fluvial channels is i
diverse and detailed; considerably fewer studies have dealt with these
relations in tidal rivers. Many of these are founded on methodological
approaches and theoretical understanding developed in fluvial river studies,
though some have formulated new ideas to contend with distinctively
estuarine p>oblems. However, as with fluvial systems, tidal river
studies can be grouped into those concerned with channel
38
pattern and cross-sectional shape and those dealing with channel hydraulics
and sedimentation. These are reviewed below.
•
2
-
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1
 Sadies Of tidal river planform and cross-sectional shaoe
A salient feature of the literature on tidal rivers is the low occurrence
of studies dealing with meandering phenomena. One of the few reported is
by Ahnert (1960), who identified an exclusively tidal meander form, which
he referred to as an estuarine meander. Ahnert described its morphometry,
* •
flow behaviour and genesis in the Patuxent estuary. Chesapeake Bay,
Maryland, and noted other occurrences of the form in the neighbouring
Pamunkey, Mattaponi, Rappahannock, Choptank and Nanticoke rivers. The
essential features of estuarine meanders described by Ahnert (1960) are
shown in Figure 2.1, which indicates (i) spur-shaped inner banks at the
apices of the bends, (H) relatively wider ovoid pools between the bend apices,
(i t i ) elongated sand bars in the mid-channel region of the ovoid pools,
aligned with the axis of the channel, and (iv) mutually evasive ebb and flood
current paths located on alternate sides of mid-channel shoals, crossing over
in the centre of the channel at the bend apices. Ahnert observed marsh
deposition on the spur-shaped inner banks of the bends, white the outer
banks of the bends were shown to be cutting into Pleistocene terraces.
Ahnert (1960) demonstrated that the location of estuarine meanders in
tidal rivers of Chesapeake Bay is controlled by spatial patterns of tidal stage-
velocity relations. He described the tides entering Chesapeake Bay as pure
progressive waves, with peak Hood and ebb currents' occurring at high tide
and low tide respectively; these were shown by Ahnert to be modified by
friction and reflection as they proceed up estuary. Ahnert demonstrated that
Flood Current
Pleistocene Terraces
Ebb Current
Recent Tidal Marshes
Underwater Sand Bars
Figure 2.1: Schematic representation of estuarine meanders in Chesapeake Bay. Maryland, after Ahnert (I960). Flood and
ebb current lines indicate paths of maximum velocities.
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estuarine meanders occur in the reaches of channel where peak ebb and
flood currents occur at mean water level and flow with similar energy.
In a later study. Ahncrt (1963) detailed the world-wide distribution of
estuarine meanders, noting 358 cases in a" variety of tidal ranges and
geomorphic settings. These meander forms have since been identified in a
number of field studies <Lewis and Macdonald. 1970; Wright et al., 1973; Geyl,
1976a; Geyl. 1976b; Zaitlin, 1987). are observable, but not identified, in figures
in a number of publications (Barwis. 1978 [fig. 7. p. 142]; Semeniuk. 1981 [fig.
11, p. 42]; Zarillo. 1982 [fig. 2, p. 340]), and are described in several teaching
texts (Bird, 1984; Pethick. 1984). However, their morphometric,
hydrodynamic and sedimentary attributes have escaped detailed examination
since the original work by Ahnert (1960).
V
Chappell and Woodroffc (1985) and Woodroffe et al. (1986) reported
similar meander patterns in the South Alligator river, but referred to these
as cuspate meanders. The term cuspate is adopted here in preference to
estuarine, because (i) it distinguishes this form from regular sinuous
meanders, also present in tidal rivers, (ii) it is unclear whether the north ?
Australian examples evolve and behave in the same manner as Ahnert's
Chesapeake Bay forms, and (iii) this term more clearly describes the shape of
the meander (indeed the term cuspate was used previously by Geyl, 1968,
p.40).
Geyl (1968; 1976a) measured the morphometric relations of salt marsh
creek systems of the Dutch Wadden sea and the macrotidal Ems and Scheldt
estuaries, and compared these against relations determined for fluvial rivers
by Leopold and Wolman (1957), Brush (1961), Carlston (1965) and others. His
aim was to demonstrate a hypothesis of tidal stream action being the cause of
underfit streams, as opposed to higher catchment discharges resulting from
a previously wetter climate as proposed by Dury (1964). However, Geyl's data
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from Dutch tidal systems have found more- general application as they
remain as one of the few sources of information on tidal channel ' %
m o r p h o m e t r y .
Geyl (1976a) found that. ,due to the pattern of discharge in estuaries,
width and meander wavelength tended to increase much more rapidly
downstream than in fluvial channels, and that tidal systems had much
higher ratios of channel width to meander wavelength. Geyl (1976b) went
on to identify several examples of oversized valleys in England which he
defined as tidal palaeomorphs, channels formed by tidal action during times
of higher sea level. In addition, he claimed to have identified several relict
estuarine meanders well above present sea level, though this may be doubted,
as Geyl primarily used l:63360-scale maps.
Since the late 1960's workers 'at the Coastal Studies Institute of Louisiana
State University have published many descriptions of the morphology and
genesis of deltas in different pans of the world (Coleman, 1969; Wright and
Coleman. 1973; Wright. 1977; Thorn and Wright. 1983). They examined a wide
range of delta types, relating their form to a suite of processes and other
v
factors, including geologic structure, wave cl imate, river discharge regime
**
and tidal behaviour. It was with this perspective that they directed their
at tent ion to tide dominated tidal rivers in northwestern Australia.
Marking a departure from the simple analysis of planfortn geometry of
estuaries, Wright et al. (1973) examined the relationship between channel
morphology and tide hydraulic properties, in the lower Ord river. Cambridge
Gulf, northwestern Australia. The Ord river is1* broad, shallow, funnel-
iaped estuary with high width-depth ratios and low sinuosity. Both width
and depth decrease exponentially with distance upstream. Mean channel
depth decreases from 7 m at the mouth to 1.5 m at km 42. The width-depth';
ratios at these two points are J ~ 1000 and -100 respectively, indicating that
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width converges trtich more rapidly than depth. Sinuosity in the lower
estuary is negligible (1.05). but increases to a value of 1.5 in the upper
reaches and is accompanied by a gradual increase in cross-sectional
asymmetry. Wright et al. described the tide in the Ord river as resembling a
standing wave, with peak velocities occurring at high and low water, and
high water occurring simultaneously throughout the estuary. Some
departure from the ideal standing wave case was noted however, as the tides
became 'increasingly asymmetrjc with distance upstream; friction effects
»
produced by the low tide amplitude/channel depth ratio tending to yield
shorter flood tides and longer ebbs (sec section 2.3.2 for further discussion of
tidal distortion in estuaries). At km 42. for instance, the mean flood tide
hemicycle duration is .2.5 hours, while me ebb is 9.5 hours, and mean
instantaneous discharge rates during the flood and ebb hemicycles are
correspondingly different. At km 42, the mean flood discharge was estimated
by Wright et al. (1973) to be 2.32 x 103 m3/s. while the mean ebb discharge
was estimated to be. only 6.11 x 102 m3/s.
*
Several studies have noted exponential decreases in channel width with
distance "upstream in estuaries -(Pillsbury, 1956; Langbein. 1963; Myrick and
Leopold, 1963; Dury. 1967; Jenks, 1982; Chappell and Woodroffe, 1985; Zaitlin,
1987; Giese and Jay, 1989). Building, upon the entropy production analogy of
Langbein (1963). Wright et al. (1973) argued lhat the rates of exponential
decrease in width.and depth along the Ord river were mutually adjusted to
yield (i) a uniform .distribution of work per unit area of bed along the
channel, and (ii) minimum total work at the channel boundaries., Using tide
and bathymetry information for three cross-sections (at the- mouth, km 15.6
and km 42). Wright et al. argued that such equilibrium conditions prevailed
throughout the Ord river and concluded that it was neither eroding or
acc re t ing . k_ -
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Wright etal. (1973) developed a separate hypothesis for the cause of
upstream increase in sinuosity in the Ord, arguing that - it reflected a
sediment balance mechanism, geared to offsetting the upstream bias in
sediment transport caused by asymmetric tides. Shorter Hood tide hcmicycle
y
durations in the upper estuary are accompanied by higher Hood tide
velocities, resulting in a strong tendency for sediment to be preferentially
transported upstream (see section 2.3.2 for further discussion of the effect of
tidal distortion on sediment transport in estuaries). Wright et al. proposed
that cross-sections become increasingly asymmetric with distance upstream
in order to concentrate more of the ebb flow in less of the total cross-section,
thereby increasing flow velocities in the thalweg and providing a
mechanism to balance sediment transport in the upper estuary. They showed
that point bars in the upper Ord river exhibit large scale, flood-oriented
bedforms, while ebb-oriented bed forms - are maintained in the thalweg
throughout both the ebb and flood tide hemicycles [their fig. 13, p. 33].
Wright et al. reasoned that it was the development of asymmetric cross-
section profiles which led to increased channel sinuosity, as point bar
growth induces lateral movement of the river. The argument for a link
between channel cross-section asymmetry, the sediment balance, and
«
sinuosity is based on a series of field observations in which cause and effect
is not demonstrated. Separate ebb and flood tide flow paths are common
features of estuarine channels but, in themselves, do not constitute a
mechanism for balancing sediment transport. For/? instance, it is not clear
why flow concentration in the thalweg should preferentially increase the
ebb tide sediment transport capacity in the ^upper estuary.
Another argument made by Wright tt al. (1973) was that' funnel-shaped
estuaries tended to adjust their, form, to accommodate tides with the properties
of standing waves. This hypothesis' emerged from their observations in the
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Ord and four other tropical funnel-shaped tidal rivers, which indicated (i) a
cosine rate of amplitude decrease along the river, and (ii) a tidal reach
length roughly equal to a quarter of the tidal wavelength, both diagnostic
features of resonant or standing waves. At the same time they argued that
the parallel banks of the King river, adjacent to the Ord, were the product of
a tidal regime dominated by progressive wave characteristics. However,
Wright et al. (1973) fail to describe the notional mechanics which produce
these associati9ns between channel morphology and tide behaviour, and
more recent findings cast doubt on their hypothesis.
Wright and Thorn (1978) observed strong progressive wave
characteristics in the funnel-shaped Fly and Mekong rivers, leading them to
state: it appears that, contrary to the conclusions of Wright et al. (1973). the
convergence rate is dependant on factors other than whether the tide is
progressive or standing [p. 5]. The South Alligator and Daly rivers are
examples of other funnel-shaped tidal rivers which display tidal properties
more akin to progressive waves than standing waves. A more plausible
explanation for the form of the King river is channel inheritance, a
possibility overlooked by Wright et al. (1973). Woodroffe et al. (1986) and
Chappell et al. (in press) have shown that certain parts of the South Alligator
and Adelaide rivers are entrenched within Pleistocene fluvial channels, and
thus exhibit fluvial morphometries. While Wright et al. claim that the King
river lies within Recent tidal flats, their Figure 14 [p. 34] indicates that it is
bounded on all sides by a pre-Recent lateritized surface. Moreover, channel
cross-sections shown in this diagram indicate channel depths to 16 m,
suggesting that t1* river .is in contact with this older surface and thus
possibly entrenched fc^a former fluvial channel.
In conclusion, conditions in the Ord resemble those prevailing in the
South Alligator. Daly and Adelaide rivers. Similarities include the low
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gradient of the rivers, tn'eir high tidal ranges »nd low energy wave climate,
their highly seasonal fluvial discharge regimes, and the negligible amounts
of terrigenous sediment to the rivers. Differences are that (i) the rivers
under consideration in thftj study are situated in a higher rainfall zone
(mean annual rainfall is -1200 mm. compared to -500 mm in the Ord). (ii) the
study rivers do not receive tides which are as strongly modified as those in
the structurally controlled Cambridge Gulf, and (iii) tidal stage/current
velocity relationships, in the study rivers differ substantially from those
observed in the Ord (sec Chapter Five). What of tidal river form/process
studies in different settings?
In a major study of the Manning river. New South Wales, Jenks (1982)
described patterns of channel planform and cross-sectional shape
throughout a microtidal delta distributary, affected by appreciable fluvial
input and a high energy wave climate. Jenks evaluated whether discrete
plan and cross-sectional morphologies could be identified in the riverine-
dominated, transitional, and marine-dominated zones of the delta distributary
complex, and whether these bore any relation to tidal flow and sediment
textural properties. His overall aim was to test the hypothesis that patterns of
channel morphology could yield information on flow and sedimentation
regimes, and thereby provide a framework to elucidate the geomorphic
development of the distributary complex as a whole. Jenks drew upon a large
body of field and theoretical understanding developed both in fluvial and
estuarine studies. He examined longitudinal variations in (i) patterns of
sinuosity and meander morphometry, (ii) hydraulic geometry, and (iii)
channel perimeter sediments and their relation to cross-sectional shape.
Selected results from, these investigations are summarized below. These
findings need to be interpreted with an awatcness that the Manning delta .
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distributary is rapidly atrophying; Jcnks shows that 46% of the 405 km of
cstuarine channel recognized within the delta system is no longer tidal.
Sinuosity in the Manning delta distributary was shown to be highest in
the river-lSominated segment and lowest in the marine-dominated segment. '
The ratio of meander wavelength to channel width was found to exceed that
commonly found in fluvial systems by about a factor of two. and the ratio of
meander radius of curvature to channel width was found to exceed the' mean
fluvial ratio by a factor of aboul three. From these findings. Jcnks inferred
that the contemporary meander wavelengths and radii of curvature are
scaled to former circumstances within the delta when channels were wider.
Downstream hydraulic geometry relations throughout the Manning
river delta distributary complex proved to be highly variable, though Jenks
maintains that a typology is 'evident for hydraulic geometries in the. river-
dominated, transitional and marine-dominated zones of the system. For the
v
riverine zone, the b-f-m triple was generally (>0.8->0.1-<0.0), while for the
transitional segment, the comparative values were (<0.7->0.2—0.1). Relations
were far too variab^ in the marine-dominated segment to derive a
meaningful average (b = 0.0-1.7. f = '1.9-0.2, m = 0.2-1.7). This high
variabil i ty was attributed to the confounding influence of wave 'energy.
v_
Jenks observed that the variability in hydraulic geometry relations tended to
be least in the transitional zone and noted that values in this segment most
closely approximated the equilibrium form, determined theoretically by
Langbein (1963) as (0.72-0.23-0.05). For the delta distributary complex as a
whole (n = 155). Jcnks determined an average b-f-m exponent set of (0.41-
0.20-0.39). yielding (log-log) correlation coefficients of R ='0.94 for W = aQb. R
= 0.86 for d = cQf and R = 0.94 for u = kQm. These values differ substantially
from average values reported in other tidal systems (see Section 2.2.3).
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Jcnks (1982) concedes that his Manning river relations may be subject
to some error due to his use of Q at 0.8 stage during the ebb tide hemicycle
(0.8e). i.e.: 0.2 of the way down from HW. If discharge-stage relations vary
throughout the delta distributary complex, as is common along most tidal
channels, then Jenks' use of a stage-specific discharge would have
introduced systematic error. The convention in most other studies of
estuarine hydraulic geometry has been to utilize the mean of the peak ebb
and flood discharge (Langbein, 1963; Myrick and Leopold. 1963; Pestrong.
1965),
2.3.2 Relations between tidal river form, flow hydraulics and sedimentation
Interest in the relationships between channel form, flow hydraulics
and sedimentation in tidal rivers has arisen out of (i) a desire to describe
sediment transport mechanisms and rates of sediment influx/efflux, and (ii»)
a desire to describe and explain tidal bcdform patterns. .
Tides in estuaries are variously modified by the geometric and (rictional
characteristics of the bays and channels through which they pass. These
factors often produce asymmetric tides, in which one of the tide hemicycles
is of shorter duration than the other. To satisfy the conservation of mass, a
corresponding asymmetry is produced in patterns of current velocities and '
instantaneous, discharges; the shorter tide hemicycle must have higher
current velocities and instantaneous discharges. Shortened ebb tide
hemicycles have been observed by Allen et al. (1976). Bayliss-Srnith et al.
(1978). Boon and Byrne (1981). Zarillo (1982) and Aubrey and Speer (1985);
estuaries with these patterns are termed ebb dominant. Shortened flood tide
hemicycles have been observed by Wright er al. (1973). Ashley (1978).
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Wright and Thorn (1978). Aubrey (1986) and Dronkers (1986); estuaries with
these patterns arc termed flood dominant.
For estuaries with negligible fluvial input. Fricdrichs and Aubrey
(1988) argue that the orientation and degree of tidal asymmetry is governed (
primarily J>y two parameters, these being (i) the ratio between tidal
amplitude (a) and channel depth (h). and (ii) the ratio between intertidal
storage volume (Vs) and channel volume (Vc). In long, shallow macrotidal
rivers with few mud flats or distributaries (V$/VC - 0), such as the South
Alligator (Woodroffe et al., 1986) or Ord rivers (Wright et al., 1973). tidal
propagation is considerably slower near low water than near high water.
This results in a shortened flood tide- hemicycie and a prolonged ebb. This
tendency is amplified as the a/h ratio and river length increases. In tidal
marsh systems, where VS/VC is large and a/h is small, the flood tide
hemicycie is prolonged because of high friction during run-on of the tide
across the tidal flats. In this situation, ebb tide velocities and instantaneous'
discharges exceed those occurring during the flood tide hemicycie.
The' importance of tidal asymmetry gn sediment transport in estuaries
has been recognized in several studies (Postma. 1967; Wright et al.. 1973;,
Boothroyd and Hubbard. 1975; Allen et al., 1980; Boon and Byrne. 1981; '
Dronkers.' 1986; Aubrey. 1986; Choi. 1988). Tidal current velocity asjfmrnetry
tends to produce even greater asymmetry in tidally induced material
transport, owing -to the non-linear relationship between Cur£nt velocity (u)
and sediment transport rate per unit width of bed (q), where q - u* apd the
exponent z varies between 2 and 5 (TACPSM. 1971). Thus.^t sediment
transport generally occurs in the same direction as maximum current
velocity, though this is not always the case. Land and Hoyt ( 1966)^
Barusseau et al. (1985), for instance, describe cstuaone sedimentation
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regimes Strongly modified by marsh vegetation and density-driven now
circulations. # .
These principles have led Aubrey (1986) to suggest that tidal wave
analysis in estuaries can provide a useful framework for evaluation of
sedimentation trends and the long term geomorphologic behaviour of
estuarine systems. However, he stresses the need to more closely investigate
the relationship between tide hydraulic processes and sediment transport in
*
estuaries, emphasising that factors such as bed armouring and form:drag can
substantially alter sediment transport rate.
* ' '
Ashley (1978; 1980) investigated relationships between flow hydraulics,
bedforms and channel morphology hi the Pitt river. British Columbia, a '
• " *
meandering microtidal river affected by appreciable fluvial inflow. Ashley
* • '- .
(1980) focussed on flow and -sediment interactions, at three, different, scales,
these being (i) small scale flow turbulence arid bed shear stress resulting in
' the entrapment- and transport of sand grains, (ii) vertical profile "flow -
/
 i
structures and their effect on the development of ,,bedfOrms such as *ripples,
,*f * • '
dunes and sand waves,, and, (iii) the relation between tidal *and fluvial
f
discharge regimes and patterns of - pool/riffle sequences, point bar deposition'
and channel pattern. Ashley found that each of these levels of interaction
were strongly .dqminated by flood tide -hemicycle flows.
Tidal stage and current velocity ,data gathered throughout the Pitt river
, indicated pronounced -tidal distortion, producing shorter .flood tide durations,
but appreciably higher flood tide, velocities. Ashley (1980) showed''that these
patterns resulted in net upstream transport of sediments to Pitt lake, situated
at the head of the estuary. This was demonstrated by (i) sediment transport
calculations based on a simplified version of the Einstein (1950) bcdlojd
'equation, (ii) mineralogica* studies revealing a downstream provenance for
I
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netsediments deposited in Pitt lake, and (Hi) formation of a delta, and
sedimentation, within Pitt lake.
*•
Ashley (1978) conducted detailed bed profile measurements along the
channel thalweg over an 18-month period, using depth sounding and side-
scan sonar techniques. These measurements revealed that 60% of the
bedforms were flood oriented, 25% were either symmetric or flood oriented
with some degree of- ebb-modification, and that 15% were ebb oriented. Point
bars were observed to • preferentially accrete towards the upstream side of
meander bends, further supporting the postulate of net upstream sediment
transport. Significantly, these patterns were shown to hold throughout a
*i
wide variety of tidal and fluvial discharge regimes. Ashley therefore
concluded that the bedforms were in a state of quasi-equilibrium with
bidirectional and seasonal changes in discharge.
Finally, Ashley (1980) argued that the meander pattern in the Pitt river
was scaled to the peak instantaneous discharge, occurring during winter
I
flood tides when fluvial /input is lowest. Ashley plotted slope-discharge ,
relations of the peak winter flood and ebb flows, and the peak freshet
(snowmelt) flood and ebb flows [p. 353]. All points were shown to fall within
the 'meandering region1 of the plot as defined by Leopold and Wolman (1957),
but because the winter flood relation plotted most centrally, Ashley inferred
that this was the effective channel forming discharge.\Ashley's reasoning
on this point is dubious, as several studies have challenged the generality of
this slope-discharge relation (see Section 2.2.1). Applying the same relation
to tidal contexts is an even greater leap of faith, particularly as the few data
*
on estuarine channel form indicate fhat tidal river meander geometries
differ substantially from those observed in fluvial systems (Geyl, I976a;
Jenks, 1982).
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Ashley and Renwick (1983) examined changes in channel form/process
interactions at the rivcrine-estuarine transition, in the Rarjtan river. New
Jersey, a microtidal river with negligible fluvial input. A four-segment
typology was developed to describe-changes in these interactions, each
segment being 'characterized by a specific channel geometry, water slope.
v ••
 t
net sediment transport direction, peak bed shear stress and bed sediment
texture. Using this typology, Ashley and Renwick were able to demonstrate a
gradation in channel form/process from strong fluvial dominance, to
moderate tidal dominance, over a distance of 60 km. Channel pattern graded
from straight at the- riverine end of the system, through braided, then high
sinuosity, and finally low sinuosity at the marine end. Bed sediments
progressively fined with distance downstream, grading from. bedrock/gravel
in the uppermost reach, through gravel, sandy gravel, and then sand near
the mouth. The maximum water surface slope was shown to decline from
0.0005 in the riverine segment, through 0 to 0.0005, to -0.0004 to 0.0006 in the
two most seaward segments.
A very similar typology was developed by Zaitlin (1987) ,.for the
macrotidal Cobcquid Bay-Salmon river estuarine complex. In this study a
marine, estuarine and fluvial complex was recognized, the' intermediate class
being divided into five smaller subclasses to reflect the gradual transition
from riverine to marine dominance. Zaitlin distinguished each of the
complexes, and the subclasses within them, on the basis of channel
planform, barform geometry and the relative shear stresses imposed on the
bed by flood and ebb currents. Most emphasis was placed on variations .in
barform geometry within the estuarine complex. Here, Zaitlin observed a
gradual transition from medial gravel bars in the upper estuarine, complex,
through linear welded bars, then braid bars, to elongate sandbars at the
downstream end of the estuarine complex. Using this typology, Zaitlin^
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erected a generalized facies model for sand dominant macrotidal estuaries,
based on the concept of opposing fluvial and tidal energy. This study is-,
representative of a number of estuarine bedform/barform studies
undertaken recently by geologists, who have reasoned that an
understanding of the hydraulic factors which yield modern sedimentary
structures can help to elucidate the environmental conditions prevailing in
past depositional environments,- now preserved in the rock rceord (Land and
Hoyt, 1966; Barwis, 1978; Coleman and Wright. 1978; Zarillo, 1982).
A final observation/worth making relates to the relationship between
channel perimeter sediments and channel shape. While several workers •
have mapped, in great detail, patterns of bed sediment texture along tidal
rivers (Lambiase, 1980; Zarillo. 1982; Ashley and Renwftk, 1983; Zaj,tliht 1989^
./• '
Hacker, 1988; Cooper et al.. 1990), none, other .than' Jenks '(1982), 'ha'ye
explored their statistical relation to channel shape. ,This appears to. reflect ,a
view that estuarine channel shape is determined >primarily by' flow
hydraulics, rather than the textural characteristics of the channel
v "
perimeter. Indeed, this view appears vindicated by the expc,rienpe of Jenks
(1982), who found no meaningful relationship between Schuhim's (1960).^
width-depth ratio (F) and channel perimeter silt-clay percentage (M) within
the Manning river delta distributary (F = 26.5 M'O-IO, n = 101. R = 0.098. p =
0.67). This finding supports earlier observations reported by Jenks (1975)
for the Maclennan river-estuary in South Island. New Zealand.
• M
2.4 GAPS IN RESEARCH ON TIDAL RIVER FORM/PROCESS INTERACTIONS
v
Although the preceding review has by .no means been an exhaustive
appraisal of the state-of-the-art in estuarine form/process studies, it 'is
nonAeless adequate to reveal some obvious gaps in present understanding.
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Firstly, i t . is evident that there is a severe lack of data available on tidal
river morphometry. The reasons for this are unclear, particularly as the few
hydraulic geometry data sets available suggest that there is a regularity of
form evident in many, tidal systems and that these appear.more amenable to
morphometric analysis due to their greater stability. .Similarly, desp.ite the
ubiquity of funnel shaped estuaries around the world, and the frequent
reference to the funnelling phenomenon as an important determinant of
tidal behaviour, very few data are available which indicate rites of width
tapering and the associated depth relations in these systems. Even more
remarkably, despite the high sinuosity of many estuaries, almost no data is
available on tidal river meander geometry, rates of meander growth or modes
»
of meander change. Is it that most workers have assumed that these features
evolve and behave exactly in the same way -as their fluvial counterparts?
Secondly, despite the distinctiveness and widespread occurrence of
estuarine meanders, nothing has been reported of their genesis,
morphometry, tidal behaviour and sediment dynamics since the original
study of Ahnert (1960). This is surprising, as Ahnert demonstrated that, at
least in the Chesapeake Bay- case, these forms regularly occurred in specific
reaches of the estuarine complex, suggesting clearly defined process
controls. As such, it would be worthwhile to evaluate whether the 359
examples of estuarine meanders around the world, as identified by Ahnert
(1963). have a common genesis and similar morphodynamic behaviours.
Thirdly, it is evident that our understanding of tidal river dynamics has
been advanced mainly by various specialist studies, such as those of tidal
behaviour (Boon and Byrne,,1981; Friedrichs and Aubrey,-1988). suspended
sediment transport (Allen « al., 1980; Wolanski era/,. .1988) aii'd Vdform.
genesis (Boothroyd and Hubbard. 1975; Dalrymple et al, 1978).. Stubby
Wright et al. (1973), Jenks (1982). Ashley and^cnwick (1983) and, to \ lesser^
;
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extent, those by Ashley (1978; 1980), are the few examples of integrated
investigations of channel form, hydrodynamics ^sediment movement in
tidal rivers. However, even these studies have some critical weaknesses from
a geomorphologic perspective. In particular, there appears to be a glaring
neglect of the role of channel inheritance in tidal river ' morphodynamics.
Exceptions include studies by Woodroffe et al. (1986) and Chappell et al. (in
press), who found that parts of the South Alligator and Adelaide rivers are
entrenched in Pleistocene fluvial channels and exhibit morphometries
which differ substantially from those of the unconstrained tidal segments.
Fourthly, there is a distinct absence in the literature of tidal river
comparison studies, both within and across morpho-climatic settings.
Notable exceptions include studies by (i) Wright et al. .(1973) on comparative
channel form in northwestern Australia, (ii) Buller 'et al. (1975) .pn
comparative sedimentation of the Tay estuary. Scotland and various others
tidal rivers around the world, and (iii) Friedrichs and Aubrey (1988) on
»
tomparative tidal behaviour of 26 estuaries along the United States Atlantic
coast. Comparative studies such as these offer the advantage of clarifying
the multiplicity of controls on tidal channel morphodynamics.
A fifth identifiable gap in'estuarine form/process studies is a general
lack of observations from tidal rivers in the wet-dry tropics where fluvial
discharge regimes are highly variable. As shown by Wright et al. (1973). the
low gradient, macrotidal rivers of northern Australia are good examples of
strongly tide dominated systems, periodically dominated by fluvial forces
during major wet season floods.
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CHAPTER THREE
ENVIRONMENTAL CONDITIONS
3.1 INTRODUCTION
This chapter describes the major environmental factors influencing
morphodynamic processes in the South Alligator. Daly and Adelaide rive
Section 3.2 describes the geology of the basins of the study rivers (and
section 3.3 describes their basic physiography. The late Quaternary history
of sea level change and floodplain sedimentation in northern Australia* is
summarized in section 3.4. Section 3.5 describes the geomorphology of the
• t
t idal river floodplains. The soils and vegetation of the study areas are
described in section 3.6, while section 3.7 describes the climate in far north
Northern Territory. Estimates of wet season fluvial flood magnitudes and
frequencies for the three river systems arc detailed in section 3.8. Section
3.9 describes the basic properties of tides along the northern coastline of
Australia and within the study rivers. Finally, section 3.10 details seasonal
sa l in i ty patterns within the three study rivers.
3.2 GEOLOGY
3.2.1 background
• The geologic characteristics of various Northern Territory basins have
been described by Walpole et al. (19*9). , Dunn (1962). Williams (1969).
Needham et al. (1973). Galloway (1976) and Needham and O'Donnell (1983).
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The northern half of the Northern Territory is part of the Australian Prc-
Cambrian shield which has been relatively stable since Prc-Cambrian time.
This long period of geologic stability has created an area of low relief.
consisting mainly of Pre-Cambrian sandstones, quartzites, conglomerates and
granites (Anon., 1976). The sediments of the tidal rivers and floodplains,
j •
which are the subject of this study, are derived from the geologic sources
described below.
 o '
3.2.2 Geology of the South Alligator river drainage basin
* ' ,<, ' •'
The South Alligator river drainage basin is part of a secondary tectonic
depression associated with the Lower Proterozoic Pine Creek Geosyncline,
v
(Williams. 1969). With reference to Walpole et al. (1959). five principal
geologic groups may be identified in the South Alligator river basin.
The west, southwest and central regions of the basin are composed of a
large complex of tightly folded and steeply dipping Lower Proterozoic
sedimentary rocks with granitic and doleritic intrusions. These includt .
sandstones,- siltstones, phyllite, quartzite and some schists.
To the south and southeast lie the extensive Upper Proterozoic
arenaceous rocks of the Kombolgie formation which form part of the rugged
Arnhem Land plateau. These are interbedded with vo.canics and tuffaceous
sediments and are characterized by a very gentle dip.
Overlying the Kombo.gie formation, in the extreme southern part of the
catchment, are the .only remnants of the once extensive Lower Cretaceous
Mul.aman Beds of undifferentiated lacustrine and marine sandstone and
sil tstone.
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Unconsolidated tertiary sands and ferruginous gravels with deep
weathering profiles are found throughout the low-lying northern part of
the catchment.
In the floodplain of the river, these deposits arc overlain by Quaternary
alluvial sands and estuarine alluvium. The alluvial sediments are almost
entirely quartz, with minor feldspar components. The Holocene history of
the estuarine alluvium sedimentation is discussed in section 3.4.
3.2.3 Geology of the Adelaide river drainage basin
Most of the southern half of the Adelaide river basin is composed of
Lower Proterozoic. greywackes, siltstones and si'ltstone greywackes which
«
comprise the Burrell creek formation. The carbonaceous dolomitic shales^
and pyritic carbanaceous siltstones of the Golden Dyke formation are ther
other principal rocks of the southern half of the basin and they are
associated with localized liotite granite intrusions. As in the South Alligator
basin, these Lower ProteLoic rocks are steeply dipped, tightly folded aad
have minor faults. Uppcl Proterozoic rocks in the area include pink
quartzite sandstone, flaggy sandstone and shale, though these are restricted
to the southwest corner of the basin.
The lower lying northern half of the basin, and the drainage lines in
the southern par,, consist almost entirely of tertiary sands and ferr^inous
gravels, overlain in floodp.ain areas by Quaternary alluvial sands an*,
estuarine alluvium. Small outliers ofthe 6o,den Dyke and M,. Partridge
formations are also common in this area.
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3.2.4 Geoloev of the Dalv river drainage
Lower Protcrozoic rocks of the -Bucrell creek formation occupy the
north-central part of the catchment and are flanked by the intrusive Cullen
granites. East and northeast of Katherine lie Upper Proterozoic sandstones of
the Kombolgie formation which, along with interbedded volcanics. form part
of the Arnhem Land plateau. Ferruginous sandstones and siltstones of the
Waterbag creek formation, also of 'Upper Proteroz»ic age. occupy the south-
central part of the drainage basin.
The most significant geologic feature of the Daly -river catchment
however, is the wide, shallow, northwest trending Daly Basin. It is composed
of Middle Cambrian to Ordovician carbonate rocks known as the Daly Group,
which have been found to depths of 300 m and consist principally of
silicified and fossiliferous limestone. Though largely covered by younger
material, these rocks frequently occur as low lying outliers.' At the northeast
extreme of the basin. Permian sandstones of the Port Keats group overlie the
Middle Cambrian rocks. In the centra, and southwestern parts. Lower
Cretaceous Mullaman Beds widely overlie the Daly group. The majority of the
Daly Basin, however, is overlain with deeply weathered profiles of Tertiary
sands and ferruginous gravels. In the lower lying areas of the basin, these
materials are overlain by Quaternary al.uv.a. sands and estuarine alluv.um.
3.3 BASIN PHYSIOGRAPHY
The South Alligator, Daly an/Adelaide, river basins are composed of four
c including (i) "dal river floodplains, (ii) areas of
general landscape groups, including u
«• «nd rocky hill country with a relative relief of
low relief, (Hi) rolling •"* r0<*y
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. between 50 and 150 m, and (iv),dissected Lcky plateaux, rising to over 300 m
iq elevation (Chippell et a/.- in press). We distribution of these terrain types
is shown in Figure 3.1. ^_)
The South Alligator river has. a catchment area of approximately 11000
km2'and drains several large perennial tributaries, including Jim Jim, Deaf
Adder. Nourjangie and Barramundie creeks, all of which originate on the
rugged Arnhem Land plateau, 'developed in Kombolgie sandstone and
quartzite. at an elevational range of 350-450 m: These creeks .pass through
deep gorges in the dissected plateau surface before plunging over waterfalls
to a broad alluvial plain where they continue to flow in a braided channel
network. The alluvial plain is characterized by sandy levees, freshwater
swamp vegetation and numerous waterholcs which may persist throughout
the dry season. Eventually, these braided systems merge to form a single
channel which becomes tidal around 105 km from the sea. Flanking the tidal
river is a broad floodplain occupying an area of about 1100 km2.
The Adelaide river basin covers an area of about 6360 km2 and is
principally drained by the Adelaide, Manton and Margaret rivers and
Marrakai, Howley and Burrell creeks. The tributary headwaters are located
in the Burrell creek formation to the southwest and southeast of the basin at
an elevational range of 200-300 m. North of this formation, the tributaries
pass through dissected rolling hills with an elevational range of 70-170 m.
before joining into the Adelaide river tidal channel, approximately 130 km
upstream of the sea. The tidal river is flanked by a very broad floodplain
covering an area of 1300 km2. ~
The Daly river has a catchment of approximately 52000 km2 making it
the second largest drainage basin in the Northern TerritoryYsurpassed only
by the Victoria river catchment (approximately 78000 km*). Principal
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Tidal river plains
Low relief areas
Hills
Plateaux
•
Figure 3 1' Generalized physiography of far north Northern Territory.
Boundaries of South Alligator, Daly and Adelaide river catchments are
 f shown
by dashed lines, and are labelled S, D and A respectively^ Mixe* symbols
represent mixtures of physiographic types in an area. Source: Chappell et al.
(in press).
 Q •
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drainage lines of the basin include the Daly, Kathcrinc, Douglas. Fcrgtirson
and King rivers. .The Kathecine -river drains the extensive Arnhcm Land
plateau territory in the northeast of the basin, while the Fergurson and
Douglas rivers drain ' the lower-lying Burrcll creek formation and granite
country centering around Pine ^rcek in the north-central part of the
catchment. The dominant topographte feature of "the Daly catchment is the
broad, shallow Daly. basin. The upper Daly' river Hows through this basin as a
single channel for ^cr 300 km. The river is tidal for approximately 110 km
and the tidal reach is flanked by a broad flowdplain of about^^K) km*.
•
 § . *
3.4 LATE QUATERNARY SEA LEVEL AND DEPOSITIONAL HISTORY
. Macrotidal rivers and their floodplains in northern Australia have
evolved to their present form since the last post-glac.ial marine
• '
transgression. In the early Holocenc, prior valleys were flooded and infilled
»
with cstuarine sediments. After sea level stabilization, these were overlain
by a relatively thin veneer of fluvial sediments. The following sections
describe this sequence of sea level rise and basin sedimentation in more
deta i l . . - .
3.4.1 L Quaternary sea rise relative to northern Australia
The last sea level rise relative to northern Australia commenced about
.18000 yeare ago from a level of about 130 to 150 m below present se'a level
(v«n Andel and Veevers. 1967; Jongsma. 1970; Chappell w al.. 1983). Chappell
and Thorn (1986) recognize four «najor phases of Late Quaternary sea level
relative to northern Australia:
. •
**
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(;) Prior to 8000 years BP -. rising'sea level at 12 m/1000 years; '
( i i ) 8000-6500 years BP - - rising sea level at 4.5 m/1000 years; ' ' '
* t .
( i i i ) 6500-6000 years BP - sea level stabilization.' alii?;
*
( i v ) 6000-Presfcht - stable or slowly, falling sea level, depending on locality.
The exact course of sea level over the last 6000 years is likely "to have
affected the evolution of the <idal rivers and their floodplains. As shown by
. >4 » *
Chappell et al. (1983), this varies from 2.2 m fall in sea level at Karumba in
the southern Gulf of Carpentaria, through 1 ra along the "inner islands of
' •- -*
.. Great Barrier Reef, to zero fall or even a small rise relative to the outer Great
Barrier Reef. These differences reflect regional variation of post-glacial
isostatic adjustment (Chappell et a/.. 1983; Nakada and Lambeck. 1989;
Lambeck and Nakada; 1990). There is some divergence between theoretical
results and observation 'in the. Van Diemen Gulf region. Lambeck and Nakada
(1990) predict a fall of 1 to 2 m since 6000 BP for the coast'of the Alligator
»
rivers region, whereas "Woodroffe et at. (1987) interpret a large set of
stratigraphic observations as indicating stable relative sea level ^uring this
' ' *• ' /interval. In an earlier study. Clarke et al. (1979) detected no «<idence of
•• ' • T\^falling sea level over the last 4500 years at Point Stuart, west of ihc\ Alligator
rivers region. Grindrod (1988) argues that Woodroffe et al. (1987) have
neglected effects o£ sediment cbmpaction and suggests that there has been a
fall off relative sea level. Although of clear significance for iflterpretijig^/he
geomorphic history of the study .area, an exact knowledge of the course of sea
level in the last 6000 years i$ not required for this thesis.
,.* •
63
-
4
'-
2 Utg
 Quaternary-
H
The Late Quaternary- deposjtiSnal,,history of the South Alligator river
basin has been described'in. detail by Woodroffe et al. "(,198'$b; 1985c; 1986;
v 1989). Woodroffe .et al:, (1989) and Chapjjell et ai (in press) suggest that the,
sequence of .marine transgression and sedimentation noted in the South
Alligator basin may be extended to other macrotidal coastal embayments of
northern Australia, notfbly the Adelaide and Daly river valleys.
' • • • ' / ' • • ' *The South Allig^tp^river . floodplain stratigraphy reveals that extensive
.* ' **
mangrove swamps established in" the basin 6800-6500 years ago while sea
* ''
level was still rising. This is indicated by .a buried, dense organic, _, blue-grey
- ' /• " '
clay facies which occurs- throughout the lower basin (see Figure 3.2).
Woodroffe et al. (1989) refer to this as -the mangrove facies, as it is rich in
' v - ' . • -
•., 'mangrove macrofossils and pollen,, and fossilized Crustacea. Radidcarbon
dates (see Figure 3.2) show that the mangrove deposits were accumulating
• throughout the South "Alligator river Valley between 6700 and 5500 BP,
prompting Woodroffe et al., (1986> to'label this as the big swamp phase. The
. ' ' v>'.
mangrove facies overlie transgressive marine sands and muds underlain
either by a feruglnized clay paleosol or by weathered alluvium. Mangrove
facies of similar age and texture to those oAhe South Alligator river big
swamp phase have been identified at several Other north Australian sites,
. » .
iiKluding Fitzroy River (Jennings, 1975),'-0rd-River (Thorn et aL 1975), King
Sound (Semeniuk.-1980) and'.Daly river (Chappell, J., personal^ ,
o , . ' .
communicat ion) ;" • • ' ' '
According to Woodroffe et al.' (1987).sedimentation withirf the South
Alligator river basin'kept pace'with sea tevel rise during the big swamp
phase, .'They .estimate that during^the final stages-of sea level rise between
41
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6400 o
5890
5990
6260-b
6710
5360
• Sample-from core/probe
Stump from bank exposure
- ^from mangrove mud -deposited^ w tnnnts ro -
Figure J.2: -Distribution °f£«\£TtiliS«or river (used mth permission
"W« ™™P ,&? Numbers shown alongside sample sites indicate
0 L a p ^ ^levels within the mangrove muds. ^-
-
65
7000 and 6000 BP. 6 m 6f «a !eve| rise „„ KcomfiaM ^y about 5 to 6 ra of
floodplain sedimentation. ,
Following sea level stabilization", dark-greyi freshwater clays began to
accumulate over the big swamp sediments. >/a result, intertidal habitats in
the basin were progressively eliminated and the extensive mangrove swamp
t
system was reduced to a narro^ tidal channel complex by 5500 years BP
(Chappell and Grindrod. 1985; Woodroffe et a/., 19.86). Woodroffe'« a/. (1986)
argue that the narrow band of ages for the \jnangrove facies indicates that
*' . *
establishment and decline of the big swamp was ve'ry rapid (see Figure 3,..2).
Woodroffe et al. (1985c) estimate that the area of mangrove in the South
Alligator river basin at the height of the big swamp phase was about 80000
f * •Declares; equivalent to 8-10% of total mangrove area across tropical Australia
today. Today only 2900 hectares of mangrove remain in the South Alligaftor
river basin (Davie, 1985), approximately 70% of which occurs near the river
mouth. Most of the modem frodplain surface is now covered with
freshwater sedges and grasses. _
Chappell (1984) suggested that net sediment accumulation in the
flobdplain systems is controlled by the ratio of catchment size to embaytnent.
size, assuming catchment denudation rates are held constant throughout- the
basins. Table 3.1 shows that the catchment to floodplain area ratio* for the
Adelaide, South Alligator and Daly river basins, are 2.7. 8.3 and 27.6
respectively. ' Assuming that flpodplain area is a reasonable indicator of
sediment sink size, floodplain accumulation rates should be appro*1«iatejy
three times greater on the Daly and half as great on the AdeUide than is the
case on the South Alligator river. According to Chappell (1984). the sense of
these simple calculations is supported by the status of riparian vegetation -
along each of the rivers, which he argues ^ fleets the level of floodplain
-
4Hi
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sedimentation. There is a continual fringe of mangroves along mo«* of the
Adelaide river and luxuriant mangrove forces grow for long distances across
i
the floodplain on the inside of river bends. On the South Alligator river, the
mangrove fringe is much narrower and disjunct, though mangroves still
occur close to the tidal limit, around 103 km inland. The Daly river
floodplain, on the other hand, has built up so high that mangroves only
occur along t h e lower 3 5 fkm o f r i v e r . " -
C a t c h m e n t
.
Daly *
South Alligator
Adela ide
*"- 9
Total area
(km2)
51800
V0930
6300
-
Area ABTL Area F Area ABTL/Area F
(km2)
47000
8990
3400
(km2)
1700
1080
• * 1270
-,
(ratio)
27.6
8.3
2.7
Table 3'.1: Catchment jmorphometry statistics for the Sout^ Alligator, Daly and
'Adelaide river catchmefits. Area ABTL * catchment area above tidal limit,
Area F = floodplain area. Source: 1:1000QP National Topographic Map series.
The rate of sediment accumulation in the tidal river floodplains declined
rapidly after termination of the big swamp phase. Woodroffe et al (19$6) and
Chappell (1988) have emphasized the importance of offshore sources of
sediment and redistribution of floodplain sediments by
 f tidal Hooding during
the early to mid-Holocene transgression and big swamp phases. These
authors have detected large discrepancies between contemporary rates of
catchment sediment .inrf (Sc) and measured volumes of mid-late Holocene
sediment in the' floodplain (Sf): Woodroffe ,t al. .(1986) estimate Sc from the
South Alligator river catchment to be rf 4 x 104 ^ a, .which after
accounting for floodplain ar4 and sediment consolidation, translates to a
noodplain accumulationVate of 0.025, m/1000 years. Chappel. (1988) has .
'i!
I
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estimated Sf over the la* 8000. years for the South Alligator river floodplain.
His findings are summarized in Table 3.2 an'd indicate that Sf considerably
exceeds Sc in the South Alligator river, particularly during the mid-Holocene
when the "big swamp" was forming. For instance, during the period 8000-
6000 years BP. Sf is estimated to be 8 m, while contemporary Sc yields a
floodplain sedimentation depth only 0.05 m. Chappell (1988) rightly points
out that even if the estimate of contemporary Sc is wildly inaccurate (say
underestimated by a factor of 10), then a large difference between the two '
quantities remains. Thest large discrepancies have led Woodroffe et al.
(1986) and Chappell (1988) to conclude that most of the sediment deposited in
the South Alligator river floodplain originated from the seaward direction
during the period of late Holocene sea level rise.
Per iod
(ye-ars BP)
8000-6000
6000-4000
4000-2000
2000-present
Mean thickness
( m )
8
» 1
<0.5
<0.1
*
Volume
(m3)
3 x 109 -
5 x 108
4 x 10*
1 x 108 .*• ..
Table 3.2: Floodplain sedimentation rates in the South Alligator river basin ,
since 8000 years BP (after Chappell. 1988). Data are based on 131
siratigraphic drillholes and 149 radiocarbon dates, described byf Woodroffe et
al. (1986). Estimates shown are mean values for the floodplain system below
t h e tide limit. • - * . . - ' '
Chappell (1988) invokes additional evidence to demonstrate thai marine
sediment influx via tidal flooding was an important agent in the formation of
* - m
the floodplain. First, he cites observations of marine foraminiferal ^
assemblages in laminated estuarine sediments more than 50 km from the
coast, which indicate least some of the ftodplain sedfments have a
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marine origin. Second, he summarizes palynological results of Chappell and
Grindrod (1985) and '<3rindrod 0988) on former mangrove community
composition in the basin, which indicate spring tide flooding depths of 0.4 to
1 m across the floodplain. The distribution and composition of the mangroves
during the period of rapid sedimentation, he argues, resembles that found
basins of northeastern Queensland typified by widespread tidal flooding and
negligible terrigenous sediment input. In particular, he argues that the
uniform age of the mangrove facies across the basin and the absence of any
seaward progression in sedimentation' is indicative of Maldistribution of
sediment, rather than terrigenous sediment input. '
in
On the basis of this evidence. Chappell (1988) argues that the rapidly
i
diminshing rates of floodplain. sedimentation toward the present time (see
A ,• '
Table 3.2) are a result of decreased tidal flooding, rather than reduced
t*
catchment sediment input' or a decline in the wet season flooding regime.
3.5 FLOODPLAIN GEOMORPHOLOGY
The geomorphologies of several northern Territory tidal itver
- floodplains have been variously described by Story et ai (1969; 1976),
Woodroffe et al. (1996; 1989) and Chappell et al. (ingress). Woodroffe et ai
(1986) divide the floodplains of the river systems into tHfce provinces,, these
being the. coastal plain, the, e*.arine-deltarC plain and. the alluvial, plain.
Their approximate position in lh* South Alligator river basin is mapped in -
Figure 3.3' and a brief summary of each of these provinces is given below.
These ' dcscriptioa^fbllow closely those'given by Woodrbffe et al. (19*6). '
The coastal plaices at the seaward fringe of the floodplain and is
characterized by a prograding coastal' or' cbehier ..^.composed o'f sandy ,,
{ J coastal plain
~^\ deltaic estuarlne plain
HI! alluvial plain
I | j laterltic upland
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muds. Figure 3.4 illustrates an example of the coastal plain province at
Caimcurry Plain near the mbuth of the South Alligator river (see inset A in
Figure 3.3). Radiocarbon dating of coastal plain deposits indicate that the
shoreline -has prograded a distance of about 4.3 km over the last 6000 years
(Woodroffe et a/., 1986). At the tidally influenced shorefront, lower intenidal
muds and a mangrove fringe arc backed up by an elevated upper intertidal.
hypersaline mudflat. Landward of these units are the uppjer and lower
coastal plain units,,which lie above the zone of tidal influence and'are
covered by black, freshwater clays. The lower coastal plain unit occurs at
the fringes of the floodplain near the upland boundary. Chenier ridges of
shelly sand are scattered across these plains, indicating former shorelines.
The deltaic-estuarine plain extends from the coastal plain province
near the river mouth to around the tidal limit and is hence the largest of the
three major ^eomorphic provinces. Most of the province is coverft by
black, cracking freshwater clays, deposited by overbank flows generated
during major wet season floods. An example of the deltaic-estuarine plain at
Rookery Point on the South Alligator river is illustrated in. Figure 3.5 (see
inset B in Figure 3,.3). This province is dominated by an elevated floodplain
which lies above present' high tide level, but is fringed by poorly drained
lower lying areas at the boundary of the floodplain. These low lying areas
are, referred to as ill-drained lower floodplain' or upper and lower backwater
swamps, and remain waterlogged for most of the year. Numerous-
paleochannels dissect the upo* floodplains of the South Alligator and Daly
rivers, indicating former courses of ,£c tidal river' (see Chapter^Fodr). These
environments now persist as uppe>f ajtertidal -mudflats and saUflats.
mangrove-lineal "creeks or' ill-drai^ depressions containing freshwater, ,
swamp vegetation. The tidal nyctt are flanked by low discontinuous levees
• *
CAIRNCURRY PLAIN
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Lower Intertidal Mud
| J Upper Intertidal Mud
Mangrove
Lower Coastal Plain
Upper Coastal Plain
Chenler Ridge
Upland
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ROOKERY POINT
1
kilometres
N
A.H.D.
r < II II
Lower Backwater Swamp
(upper Backwater Swamp
Mangrove
(_ | Upper Floodplaln
III drained Lower Floodplaln O Upland
.
k
 " * '
•••'••'" Paleochannel
Upper Intertidal and. Salt Mudflat
. .
transect X-Y shows surface to A
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of coarse silt/fine sand which support Bombax ceiba trees. ' These levees are
best developed on the outside of'meander bends in the upper estuarinc- '
Jclhic plain where there is most ovcrbank Hooding.
The alluvial plain extends upstream of the tidal limit or. in the case of
the Daly, from just below the tidal limit. This province is characterized by an
upper* and lower unit. The lower unit is composed of black cracking clays
and gleyed muds, which are inundated for prolonged periods and support
wetland swamp and forest vegetation. The upper unit is composed of silly
a l luv ium and fine sandyf material and is typified by numerous levees, sandy
floodouts and anastomosing channels.
3.6 SOILS AND VEGETATIONi
3.6.1 Soils »
A brief description of the soils in the study area is warranted insofar as
they may relate to the calibre and composition of eroded materials which
may enter the river systems. Aldrick (1976) recognizes six principal soil
types in the Alligator Rivers region which are also relevant to the Adelaide
and Daly river catchments." These include sandstone plateaux soils, granite
area soils, volcanic and metamorphic area soils, lateritic upland soils, alluvial
soils and tidal river floodplain soils. Each of these soils strongly reflect the
geologic and physiographic setting in which they v,erc formed, and may be
/>
summarized as follows: k-
(i) Sandstone plateau* soils - two main types of soil develop in the
sandstone plateaux regions. ErosionaHor dissec,ed areas are characterized by
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skeletal, coarse sandy soils, while in erosionally stable areas of the p.ateaux.
such as drainage flats, deep sandy, loamy soils with thick organic mats occur.
(ii) Granite area soils - In granitic areas, the most common soil is a
gritty, well drained, siliceous sand which reaches, a depth of 120 cm over a
deeply weathered substrate. In stable low-lying areas where perennial
sedges filter onto coarse *nd from the local colluvium. humic gleys form,
producing pale greyish heavy kaolinitic clays overlying a thick organic A t
h o r i z o n .
(ii i) Volcanic and metamorphic area soils - Clayey, loamy soils are
observed to form in areas of .dolerite. volcanics and weathered 'metamorphic
rocks. v
(iv) Lateritic upland soils - A variety of soils including red earths,
siliceous sands, lateritic red and yellow earths and lithosols form on the
laterit ic uplands. ' Alternate wettijpg and drying cycles, induced by highly
seasonal rainfall, produce alternate mobilization and precipitation of soluble
compounds in the soil. Ferruginous compounds tend to accumulate as mottles
v
and/or concretions within these soils.
(v) Alluvial soils - Soils formed on freshwater alluvial deposits
encompass a wide variety of' types including humic' gleys with highly
''organic peaty surface horizons in the wettest areas, as well as heavy clays.
yellow earths, alkaline loamy soils, pale earthy sands and reddish gradational
so i l s .
(vi) Tidal river floodplain soils - Soils of the extensi^ low-lying
estuarine plains of the main rivers may be divided into two main types.
Organic humic gleys form in permanently .inundated backwater swamps at
the floodpJain margins, while the m,in or upper flpodplain is composed of
massive black soil. Average depth of the black soil is approximately .1 m and
I
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represents deposition • of suspended material during wet season overbank
Hooding. In the dry season, the black soils shrink and crack into polygonal
a*bout 20-25 cm wide and 10 cm deep.
3.6.2 Vegetation of the tidal river plains and adjacent uplands
r
.' ' i
A brief description of the vegetation of the study sites is warranted
insofar as patterns of vegetation have been used by several workers to '
interpret geomorphic processes (Fogarty, 1982; O'Neill. 'l983; Woodroffe et al.,
' ^
1986V Story (1969; 1976) and Woodroffe et al. (19&6) recognize six main
vegetation groups in the study basins. The relationship between these
* •>
groups and local patterns of soil and topography is .illustrated irt Figure 3.6.
A brief description of the six main vegetation groups is given below.
(i) Most of the lateritic uplands are covered by tall open sclerophyll
forest or woodland, dominated by Eucalytus tctrodonta. Eucalyptus miniata.
Eucalyptus bleeseri and Erythropheleum chlorostachys or Ironwood. Smaller
trcss in this group include Livistona benthamii. Acacia spp.. Terminal
ferdinandiana.wd Xanthostemon pardoxux.
(ii» A mixed scrub community dominated by Panda*,' spiral an'cj
Eucalyptus papuana is typically found at the lactic upland footslopes
adjace« "to the plains. - In localized pockets, luxuriant evergreen stands of
monsoon rainforest dominated by Ficus .inns are be found. X,
< H i ) Paperbark swamp forest dom.nated by Melaleuca Uucaaenara
mo. °-the edge of the floodplain; Barringtonia
occur in backwater swamps at we eag
in this environment on the Adelaide river. On the
acutangula is common in this enviro
K Vk forests are often found in low-lying, recently
Daly river, large paperbark forests
' „ ' in the%PPcr estUary of the Daly, these forests exte*
abandoned meanders. In tne BP^
'KTSTpTi
Lateritic uplands
Lattntic soils
Seasonal seepage ai'ea
A.
i • Latenlic'soils
organic humic gleys.
deep Wet sands
Permanently
inundated swamp
.A.
organic humic gleys
Blacksoil plain
' Black soil
deep soils shallow soils
Op«n iorest and woodland p«pu«M lorett. I Paptrbark (Mt
rainforest, ttnttnui and mlied \ Iprest and frethwater
sorub , lagoon*
r
Sedgaland and grasslland
Salint mudflat
A.
saline m
., Mangroves
u ( j j 1 organic mangrove muds I
Saltmarsh shrubland
High lidt
Mangrove shrubland. woodland i
and forest
• • j
Figure '3.6: ''Generalized pattern of soil and vegetation along an upland to lidal river'transect, relative to topography and
drainage. ' Used with permission from Grindrod (1988) after adaptation from *Aldrick (1976) and Woodroffe' et ai, (1986).
' *•••*> . '
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to the channel margins where, in association with Hibiscus' spp' and other
t *
monsoon rainforest elements, they form a luxuriant riparian -vegetation.
(iv) Sedgelands ,and grasses are the most common vegetation of the tidal
river floodplains. Fimbristylis tristachya and Eleocharis spp. are important
sedge components while the most extensive grasses are Oryza meridiona'lis
(wild rice), Hymenachne acutigluma and Pseudoraphis spinescens.. Scattered
components include Sesbbnia cannabina, Cathormion umbellatum and ttie
problematic weed Mimosa pudica. '
(v) At the mouths of the rivers and occasionally in paleochannels of the
South Alligator and Adelaide rivers, low-lyiag hypersaline flats support a
sporadic samphire cover of Tecticornia australasia and Halosarcia indica.
(vi) Man-grove vegetation lines the banks of the tidal - rivers and
adjoining creeks. A broad mangrove fringe is almost continuous along the
length of the Adelaide river, with tall luxuriant stands .occuring on the
insides of meander bends. On the South Alligator, mangroves extend to the
t
tidtl limit as a narrow discontinous, fringe, though at the mouth and on the
*
inside of some meander bends, forests of up to a few hundred metres wide
may occur. Channel fringing mangroves are largely absent on the Daly
river past 40 km from the mouth (M. Ball, personal communication) and are
replaced by freshwater species such as Hibiscus spp., Melaleuca leufadendra
and Ficus virens.
According to Grindrod (1988)', twenty species of . mangrove occur along
the South Alligator river, of which major components include Avicennia
marina, Rhizophora stylosa, Ceriops australis, Sonneratia alba ^and Sonneratia
lanceolota. Twenty mangrove species have been identified*along the
Adelaide river, but only thirteen .occur along the Daly river due to. restricted
habitat (M. Ball, pesonal communication). The structure and composition of
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mangrove communities in relation to geomorphological settings within the
South Alligator river are described by Davie (1985). Woodrdffe et al. (1986)
and Grindrod (1988). More general descriptions of mangrbve vegetation
** /
within Northern Territory tidal river systems are given^by^Wclls (1982;
1985).
• • f t :
3.7 CLIMATE
3.7.1 Rainfall and evaporation
».
Two distinct rainfall seasons occur in far north Northern Territory; , a
I »
wet season from November to March and a dry season from May to
September. Referred to variously as the "wet-dry" or "semi-arid" tropics, thei
region falls into Koppen's AW field (Dick, 1975) and Thornwaite's (1948) CA'W
cl imat ic type.
Mean annual rainfall isohyets for the region are shown in Figure 3.7,
while mean monthly rainfalls for selected stations in the study area are
given in Table 3.3. Mean annual rainfall in the South Alligator river
catchment ranges between around 1250 mm inland and 1500 mm at the coast.
/
\ similar range occurs in the Adelaide river catchment, while the range in
the much larger Daly river catchment is 900-1500 mm. On average,
approximately 16%. 22%,-21% and 18% »f annual rainfall occurs in the
months of December. January. February and March respectively.
According to Southern (1966). five principal rain-producing systems
are responsible for the pattern of rainfall iff the region. These systems are
.divided into organized rainfall caused by monsoonal or cyclonic weather, and
non-organized rainfall typified by tocal or mesoscale convection. Figure 3.8
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t
shows the pattern of mean and maximum monthly rainfall for Darwin Post
Office, indicating the incidence of these rain-producing systems. Highest
magnitude rainfalls arc generated by occasional tropical cyclones (short
duration, high intensity) and monsoonal troughs (long duration, medium
i n t e n s i t y ) .
M o n t h
J a n u a r y
F e b r u a r y
M a r c h
A p r i l
M a y
J u n e
J u l y '
A u g u s t
S e p t e m b e r
October
N o v e m b e r
D e c e m b e r
Total
-r
Humpty Doo El Sharana Oenpclli Wool iana
 ;.
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305
298
256
95
1 112
1
2
66
139
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1421
288
317
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59
qJ
4"T
1
' <•*
. . 3
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 **
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1402
330
319
289
73
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2
hL
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Figure 3.8: Average and maximum monthly rainfall for, Darwin Post Office
over the period 1870-1983. Also shown is the incidence of the principal, rain-
producing systems in the region (after Southern, 1966). Source: Taylor and
Tulloch (1985).
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departures from the two most frequently observed rainfall patterns. They
attribute the bulk of rainfall variably to variations in monsoon
development, while other workers have appealed to influences of the
southern oscillation (Nicholls ti a/.. 1982) and occasional tropical cyclones
(Southern. 1966). Figure 3.8 compares maximum and mean monthly rainfall
for Darwin Post Office.
Using 86 years of rainfall record from Darwin Post Office, wet season
rainfall totals (Dec. - Apr. inclusive) were_ collated and ranked. The return
period (r) for each wet season total was computed as
r = (n +^)/m ... (3.1)
where n is the nuntber of. years of record and m is the Ank of each wet
season rainfall total. The computed retuVn periods of given wet season
rainfalls for Darwin are plotted in Figure 3.9. Wet season rainfall totals of
approximately 1350 mm, 1500 mm and 2100 mm have return periods of 2. 10
and 100 years respectively. McAlpine. (1976) estimated that daily totals of 100
mm and 150 mm at Oenpdli had return periods of 2 and 10 years respectively.
*
Mean monthly rainfall and pan evaporation (Class A pan) for Middle
Point station -(Adelaide river basin) are .shown in Figures 3.10a and 3.10b
respectively.. Average -annual pan evaporation at Middle Point is 1998 mm,
and is significantly higher than the rainfall of 1350 mm. Evaporation is
lowest during the wet season (approx. 135 mm in February) and highest
during the dry-wet season transition period. (approx. 220 mm in October).
Rainfall excess over evaporation occurs in only four months of the year.
December to -March. The relationshiiTsbetween rainfall and evaporation at
Middle Point is shown in Figure 3.10c. Vainfall'excess is highest in February,
while the rainfall deficit is most pronounced in September.
83
B
a
u.
z
ct
s.
u
a
o
2000
1500
1000
500
100
RETURN PERIOD (YEARS)
Figure 3.9: Log-Pearson Type III plot of wet season (Dec.-Apr. inclusive)
rainfall totals for Darwin Post Office. Data shown cover the period 1870-1983,
and were ranked using equation (3.1) to indicate return periods for various
wet season rainfall totals. Source: Bureau of Meteorology.
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3.7.2 Temperature and
Mean monthly minimum and maximum temperatures, and morning and
afternoon humidities for Darwin Airport arc listed in Table 3.4. Mean
monthly maximum temperature varies between 30.5°C in June and 33.4°C in
i
November. Mean monthly temperature minima vary between 19.0°C in July
-4_ i
and 25. 3° C in November. Diurnal differences in temperature are mach lower
during the wet season than during .the dry. Mean monthly relative
humidities at 0900 hours peak in February at 84% and decline to around 63%
in June. Afternoon values are lower, the monthly maxima being 72%, and
minima 38%. Diurnal variation in humidity is lowest during the dry season
and highest during the early wet season.
M o n t h 1
J a n u a r y
F e b r u a r y
M a r c h
A p r i l
May
J u n e
J u l y
Augus t
S e p t e m b e r
October
N o v e m b e r
December
Mean
Vlax Temp.
31. -7
31.4
31.8
32.8
32.0
30.7 '
30.5
31.3
32.6
33.3
33.4
32.8
32.0
Min Temp.
24.7
24.6
24.3
23.9
21.9
19.8
19.0
20.4
23.0
24.9
25.3
25.1
23.1
_ _ _
0900 Hum.
82
84
83
75
67
63
64
68
71
71
74
77
73
— — •
1500 Hum.
70
72
67
52
43 •
39
38
41
48
53
59
65
54
mean and maximum umftnttuns. and relative humidities
PO,, Office. Source: Bureau of Meteorology.
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3.7.3 Wind
, ' Wet season and dry season wind roses for Darwin Airport arc shown in
Figure 3.11. During the wet season (Nov.-Apr.), winds in the area prevail
mainly from the northwest and west. During the dry season (May-Oct.). the
dominant winds are the easterly and southeasterly trade winds, though
important contributions occur from the north and northwe&t as well.
3.8 BASIN HYDROLOGY
3.8.1 Wet season hvdrolotic oroccsseS
Freshwater discharge into the tidal rivers is regulated by summer
monsoonal rains which occur in the region between December and April.
While rainfall is more or less uniformly distributed during this period,
catchment runoff efficiency increases as the wet season advances. For
instance, Chappell and Bardsley (1985) estimate that average monthly runoff
efficiency in the Daly river catchment increases from 2% of rainfall in
»
 J
 *
December to over 37% in April (see Table 3.5). but also emphasize that this
pattern varies considerably according to total wet season rainfall.
The wet season hydrology of the lower South Alligator and Adelaide
rwers is difficult to monitor due to the large number of ungauged
tributaries. Fortunately, the Daly river has been adequately gauged to permit
characterization of wet season flood frequency and magnitude. The
freshwater discharge behaviour of the lower Daly river has been
summarized in detail by Chappell and Bardsley (1985). using a decade of
records from ten gauging stations and three rainfall stations. According to
i
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Wet season (Nov.-Apr.)
N
Dry season (May-Oct.)
N
\
Figure 3.11: Wet season and dry season wind roses for- Darwin Airport.
Concentric circles indicate percentage of time that wind blows from a given
direction. Source: Bureau of Meteorology.
Woodroffc et al. (1986), rainfall-discharge relationships determined in the
Daly river catchment may be used to estimate the likely wet season
hydrologic behaviour of the South Alligator and Adelaide rivers. Means of
extrapolating results from the Daly to the other rivers are reviewed below.
M o n t h . Mean monthly runoff efficiency (%)
December
J a n u a r y
F e b r u a r y
M a r c h
A p r i l
2
6
11
33
37
Table 3.5: Mean monthly runoff efficiency (runoffI rainfall* 100) in the Daly
river catchment during the wet season. Source: Chappell and Bardsley
( 1 9 8 5 ) .
3.8.2 Dalv river floodwater discharges
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Figure 3.12: Return period and exceedance probabilities of peak wet season
flood discharges, Daly, South Alligator and Adelaide rivers (adapted from
Chappell and Bardsley, 1985). Data points relate to Nancar gauge. Daly river.
Trend lines for South Alligator and Adelaide rivers are bracketed with upper
and lower estimates based on different runoff recession coefficients.
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and return period of given wet season flood discharges. A straight line fits
through the log-I^rson Type III plot, yielding a correlation coefficient of
0.98 (Chappcll and Bardsley, 1985). "Best.estimates'of 1. 2 and 10 year annual
Hood peaks in the Daly river are 300, 1800 and 5500 m3/s respectively.
Chappell and Bardsley (1985) show Daly river flood recession curves for
wet season discharges with 1.5 and .10 year recurrence intervals. These are
shown in Figure 3.13 and indicate that it takes between 20 and 30 days after
the discharge peak for streamflows to return to pre-storm baseflow values.
Peak discharge declines by 50% over a period of 5-7 days depending upon
flood magnitude.
t
3.8.3 South Alligator river floodwater discharges
The magnitude and frequency of wet season flooding in the South
<
Alligator river system cannot be determined directly due to a lack of rated
gauging stations. As part of a broad environmental survey of uranium
province areas, the Water Division of the Northern Territory Department of
Mines and Energy have monitored streamflow in several small headwater
catchments of the South Alligator river basin. However, the data gathered
thus far are insufficient to estimate volumes of total .basin runoff for each of
the rivers.
Woodroffe et al. (1986) have estimated flood discharge/recurrence
interval relationships for. the South .Alligator catchment using Daly river
data, scaled to account for differences in catchment size, geometry and
rainfall amount.. While obviously crude, these discharge predictions provide
the best available estimates of wet season-fluvial input to the rivers.
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Scaling of Daly discharge data, was carried^ out using the following
formula : . '•
w h e r e ... (3.1)
Q 2 = discharge /or scaled basin,
Ql = Daly discharge,
A{= Daly catchment area ( 47000 km2),
, A 2 = scaled basin area, . .
P! = Daly average rainfall (1000 mm),
• ?2 = scaled basin average rainfall,
"C i = Daly runoff recession coefficient,
C 2 = scaled basin runoff recession coefficient.
> ,
For the South Alligator river catchment, Woodroffe et al. (1986) substitute
A 2 = 9000 km2 and P2 = 1300 mm. In most flood routing studies, C is recognized
to be inversely proportional to the square root of catchment length (L). The
mean length of the Daly catchment is 2.5 times that of the South Alligator
basin, but wet season flood recession times are found to be similar between
the two catchments. Woodroffe-et al. (1986> thus estimate that the ratio Ci/C2
for the South Alligator river "lies in the range between 1.0 and 1.6.
Discharge/recurrence, interval relationships for the South Alligator river
were determined using equation (3.2) for each given annual flood peak
series from the Daly river (see Figure 3.12). Upper and lower estimates of Q2
for given return periods were calculated using CVC2 values of 1.0 and 1.6
respectively. Results are overlain on-Figure 3.12. Mean estimates of 1, 2 and
10 year annual flood peaks for the South Alligator river are 100, 500 and 1500
m3/s respectively.
-.•i:;1
: I'I
3.8.4 Adelaide river flnodwatpr discharges-
As with the South Alligator catchment, there are few rated gauging
stations within the Adelaide river basin. This prohibits direct estimation of
i
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wet season flood frequency and magnitude for this river. However, by
employing the same scaling method of Woodroffc et al. (1986)'as used above,
rough discharge determinations pf given exceedancc probabilities may also
be made for the Adelaide river. Values of A2 = 3800 km* and P2 * 1300 mm
were substituted into equation (3.2). The Daly catchment is 3.8* times longer
than the Adelaide catchment, though again the flood recession times« in the
two catchments arc similar. The ratio of C\/Ci for the Adelagje river scaling
1
 &
process is therefore estimated to lie in the range between 1.0 and 1.95/* Using
these values, upper and lower estimates of peak annual discharge of given
exceedance probabilities were calculated and. are overlain on Figure 3.12.
Mean- estimates of 2 and 10 year floods for the Adelaide river are 260 artd 800
respectively.
•
'3.9 TIDAL CHARACTERISTICS
3.9,1 Tidal patterns along the north Australian coastline
Figure 3.14 shows maximum and minimum water levels over a two week
• period for five tide stations across the .northern coastline of Australia. The
data shown are for tide stations at Derby
 ( (King Sound, northwestern
Australia). Wyndham (Cambridge Gulf, northwestern Australia), Darwin,
Gove (Melville Bay, northwestern Gulf of Carpentaria) and Karumba
(southern Gulf of Carpentaria). -
Tides of the north and northwest coast are macrotidal and semidiurnal.
Tidal ranges are greatest in the northwest; maximum ranges at Derby and
Wyndham are 10.6 and 8.3 m respectively. The maximum ttdal range at
Darwin is 7.8 m. East of Darwin, tidal ranges decrease markedly, At Gove, the
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tides are mesotidal with a range of only 3.4
 m. m the Gulf of Carpentaria,
tides become mixed with a diurnal component dominant. At Karumba, in the
southern Gulf of Carpentaria, the tidal range is 4.4 m.
3.9.2 Tides in the study n
The tidal behaviour of each of the study rivers is described and
discussed in detail in Chapter Five. The following is a brief account of the
mean tidal properties' of the study rivers. All distances specified hereafter
are distances upstream from the river mouth.
The South Alligator, Adelaide and Daly rivers are tidal for. distances of
»
103, 130 and 108 km respectively. Spring tidal range at the mouths of these
rivers (in the same order) are 5.8, 3.5 and 6.0 m. At 79 km on the South
Alligator, the tidal.range • is 5.0 m, while at the 80 km on-the Adelaide, spring
tidal range is 3.2 m. Tides on the Daly river are considerably more damped; at
93 km, the spring tidal range is only 1.95 m.
The passage of the crest of the high water tidal wave through the
lengths of the study rivers has been directly monitored by tide gauging and
the mean tidal celerities Jor the South Alligator, Adelaide and Daly rivers are
9.3, 5.3 and 5.0 m/s/s respectively. The shapes of the tidal hemicycles are
variously distorted in the rivers as a functiori of both channel mdrphometry
and the respective fluvial inputs into the rivers, so that tides in the upper
reaches have ebb durations which appreciably exceed those of the flood tide
hemicycle. Spring, tide duration asymmetry indices (ebb duration divided by
flood duration) for the upper reaches of the South Alligator and Adelaide
rivers are 2.1 and 1.27 respectively. During spring tides on the Daly river,
tidal bores form approximately 20 km from the mouth and travel to beyond
i
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-.he 95 km mark at an- average height of 0.4> Accordingly, spring tides in
the upper reaches of the Daly are extremely asymmetric, such that the
duration of the ebb hemicycle is approximately 4.2 times greater than the
flood. '
>
3.10 PATTERNS OF SALINITY IN THE STUDY RIVERS
1
 • v
The strong seasonality of rainfall across northern Australia and the
long tidal reaches of the study rivers combine 19 produce large and variable
gradients in the salinities of the cstuarine waters. Wet season salinity is
regulated by catchment and 'floodplain runoff and is modified by tidal
impedance. During the dry season, salt propagates up the tidal rivers by
turbulent cmfuskm (Chappell and" Ward, 1985).- Chappell (personal
communication) calculates that mass transport driven by evaporation from
the river is also important. The relationship between wet spason fluvial
flooding and tidal dynamics is "therefore critical in determining salinity
patterns in the study rivers.
' Seasonal changes in the longitudinal salinity profiles of the three study
rivers are illustrated in Figure 3.15. During the wet season, the rivers are
filled with freshwater to a point close-to their mouths. Following Hood
recession, sail propogates upstream by turbulent mixing as the dry season
advances. By the end of the dry season, sea water salinities are attained near
the tidal limit of the South Alligator river. On the Adelaide and Daly rivers
however, salt proportion is arrested well below the tidal limit due to I lesser '
turbulence and overriding freshwater discharge respectively. Salinities
decrease fairly linearly along the Adelaide river, a typical late dry season
profile indicating freshwater upstream of 80 .km. The Daly river has a much
• 5 15
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steeper longitudinal salinity profile and sea water does not penetrate beyond
55 km. The progressive in-mixing of sea water into these estuaries has been
modelled by Chappell and Ward (1985).
During most of the year the- estuarine waters are well mixed, with no
vertical salinity gradients evident. During and immediately after wet season
floods however, a salt wedge establishes within the lower 10-20 km of the
r i v e r s .
Wolanski (1986) has demonstrated that late in the dry season, high
evaporation creates a salinity maximum zone near the mouth of the South\
Alligator river and it is probable that this phenomenon occurs in other
tropical estuaries in the region. He argues that this zone acts as a
hypersaline plug which may modify longitudinal circulation within these
estuaries. It is thus possible that flushing may be inhibited while the
hypersaline plug prevails. Similar trends have been observed in arid
climate tidal rivers in South Dakar, Senegal and Gambia by Barusseau et al.
(1985).
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CHAPTER FOUR
CHANNEL MORPHOMETRY
4.1 INTRODUCTION
This chapter provides a summary and comparison of the morphology of
the study rivers. The morphometries of these systems arc compared to those
of fluvial;, rivers, and where data are available, to other tidal rivers.
Empirical relationships between various channel-form parameters are - •
defined in this chapter, but they are not related to hydrodynamic variables
until later in the thesis. Field and laboratory methods employed in the
measurement of tidal river pi an form and cross-sectional shape are detailed
in Section 4.2. Relationships amongst the various planform and cross-
sectional variables arc presented in Sections 4.3 and 4.4 respectively. .Present
channel form needs to be viewed in the context of channel stability, so
historic and paleo channel changes that have occurred in the rivers are
described in Sections 4.5 and 4.6. Finally, the key findings of the river
morphometric analyses are summarized in Section 4.7.
* t
4.2 FIELD AND ANALYTICAL METHODS
4.2.1 Channel ol^form measurements
All planform measurements were made from 1:18000 and 1:25000 scale
base maps compiled - by the writer, from recent colour aerial photography,
details of which are provided in Table 4.1. These maps were rectified to -
conform with the National Mapping 1:100000 series topographic maps.
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RIVER DATE SCALE TYPE FLOWN BY OOCE
S. ALLIGATOR
S. ALLIGATOR
S. ALLIGATOR
ADELAIDE
ADELAIDE
DALY
DALY
DALY
— —
16/5/5*)
4/6/69
10/6/83
14/5/5*0
9/5/85
2/5/50
21/4/69
20/6/83
~
-
1:30000
1:25000
1:25000
1:30000
1:18000
1:30000
1:85000
1:25000
B/W
COLOUR
COLOUR
B/W
INFRA RED
B/W
B/W
COLOUR
RAAF
CSIRO
ASO
RAAF
NTG
RAAF
ASO
ASO
SVY 920
CAG 318
SOC 552-553
S,VY 920
NTC 929-934
SVY 920
*
SOC 553
Table 4.1: Details of aerial photos used to compile river planform base maps
and estimates of channel migration rates. RAAF = Royal Australian Airforce.
ASO = Australian Survey Office, NTG = Northern Territory Government and
CSIRO = Commonwealth Scientific and Industrial Research Organization.
* denotes detail unknown.
Following compilation, the maps were digitized using a TEKTRONIX 4051
graphics computer and 4956 digitizing tablet. Channel widths were
determined at 250 m intervals along the courses of the rivers, except in
instances where channel width was very regular and a larger measurement
interval was used. The number of width measurements for the South
Alligator, Daly and Adelaide rivers were 369. 321 and 241 respectively. The
planform attributes of 62 meander bends were measured employing the
morphometric definitions shown in Figure 4.1a. For the South Alligator, 21
meander bends were included in the analysis, while for the Daly and
Adelaide, totals of 16 and 25 were analysed respectively. The planform
variables analysed were channel width, sinuosity and meander amplitude,
wavelength and radius of curvature. Radius of curvature was measured
manually by fitting various sizes of circular arcs to the mid-section of the
meander and selecting the best fit.
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and magnitudes of historical channel changes in ea* of the
rivers were measured using time-series information gained from sequential
aerial photography (sec Table 4.1). Channel migration rates were measured
along each of the rivers using maps prepared to a scale of 1:50000 by Mr
Keith Fitchett. Technical Officer in the Department of Biogeography and
*
Geomorphology, ANU/ Migration rate was determined by measuring the
*
movement of each bank at equidistant points al«ng the river, then taking the
average of the two to represent overall channel migration. Measurements
were taken at 500 m intervals along the Daly river for two periods of time.
1950 to 1969" and 1969 to 1983. In the case of the South Alligator and Adelaide
rivers, where migration rates were relatively low, measurements were taken
at 2000 m intervals and over only one period of time, 1950 to 1983.
4.2.2 Channel cross-section measurements
All channel cross-sections were measured in the field using a 200 kHz
FUSO 108D echo-sounder mounted in a five metre aluminium dinghy. All
profiling was conducted about the slack water period at high water on spring
tides to minimize the lateral drift and to enable passage over point bars and
shoals. While profiling, direction was .continually checked using compass
bearings to ensure a correct line was being taken. Regular comparisons
between the echo-sounder trace and lead-line measurements indicated that
depth readings were consistently accurate within +/- 5%. Surveys were
conducted during the mid-dry season periods of 1985 and 1986.
Echo-grams were digitized using a TEKTRONIX 4115 graphics terminal,
linked with a 4958 digitizing tablet. A program was written to account for
scale differences in the depth and* width axes of the chart and to compute a
cross-sectional form indices, including mean and maximum depth
1i'i
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da v and dmax), cross-sectional area (A) and the width/depth rayo (F).
Various dimensionlcss channel shape indices were also calculated, including
horizontal asymmetry, vertical asymmetry and sectional roughness. These
indices are defined using the principal channel shape dimensions illustrated
in Figure 4.1b. Average depth (dav) was taken to be the mean value of a set of
evenly spaced verticals measured over the cross-section, where the spacing
between verticals was less than 3% of the total channel width. Maximum
depth (dmax) was defined as the depth in the thalweg. Cross-sectional area
(A) was determined by multiplying width (W) by mean depth (dav). Following
Schumm (1963). the cross-section form ratio or width/depth ratio (F), was
'computed as the ratio of channel width to mean depth. Horizontal •
asymmetry of cross-section (A*) was calculated to measure area differences
between the two parts of the cross-section separated by the channel
centreline. As in Knighton (1981). A. was determined as,
, A* = ( A b - A S ) / A ... (4.1)
t
where, Ab and As are the larger and smaller portions of the channel
respectively. The vertical asymmetry of each cross-section was calculated as
a simple measure of relative triangularity. Denoted by the symbol (T). it was
•
taken to be the ratio of dmax/dav, in preference to Knighton's (1981) At and
A
 2 indices, which also consider horizontal displacement of the thalweg. The
section roughness index (Cr) was determined by dividing dav by the standard
deviation of depth across the cross-section.
A total of 72 cros^cction profiles was surveyed on the South Alligator
river, while 59 cross-sectiys were surveyed on both the Daly and Adelaide
rivers. In addition, approximately 40 sections were measured on the East
Alligator river to provide comparative data. At selected sites of interest on
the South Alligator river, repeated bathymetric surveys were conducted over
the two and a half year period of field work.
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4.3 RIVER PLANFQRM
4.3.1 A general model of tidal river planform
In describing the planform morphomctry of funnel shaped estuaries of
tidal rivers in Northern Territory. Chappell and Woodroffe (1985) identified
four major channel forms which they termed the estuarine funnel, sinuous,
cuspate and upstream channel segments. The plan shapes of these units and
their general position within the tidal river system are schematized in Figure
4.2. These four major channel elements are described by Chappell and
Woodroffe (19»5) in the following terms.*
Situated at the mouth of the tidal- river, the estuarine funnel is a broad
reach of channel, tapering at a negative exponential rate with respect to
distance upstream. This segment of the river typically contains one or two
large elbow-shaped bends and occasional shoals and mangrove islands.
Banks in this section of the river have gentle gradients and are vegetated
•
with mangrove forests up to 100 m wide.
The sinuous segment ,,ohtai»s a series of sinuous, meanders resembHng
2se of nuvia, river,. The ej,>"»« ^  « *«>" '" ""' "'" °f "*
.
 river and the mangrove fringe becomes ««-« - -c rivers. As m
norma, nuvia, river meanders, sedimcntat.on o«urs on the inside of bends, a
,endencv renected bv the presence of substantia, mangrove *res,s and
„ scroU p,in, Pointers form on the inside of mo, of the sinuous
bends and are marked* asymme,,ic to.ards tbe upstream direction.
The cuspate segment is ch.racter.ed bv a series of bends possess.ng
Snarpy V
 - * . . _ _ w_^ mirl-rhannel shoals which
these cusps are
wide ovoid pods, containing broad mid-channe, shoa.s which
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emerge on low spring tides. Cusps with both concave and convex planform
shapes, may be identified. As distinct from the other planform morphologic
units; the cuspate segment is not • represented in all of the study rivers.
Cuspate meanders are well developed on the South Alligator river and
transient on the Daly river, but are absent from the Adelaide river. The
evolution, morphology and hydrodynamic behaviour of these distinctive
channel forms are described in Chapter Six.
The'upstream segment extends from the meandering regions to the tidal
l imit and is characterized by a series of irregularly shaped bends
interspersed with straight- reaches. Broad point bars are often present on the
inside? -of bends and display a marked asymmetry in the downstream
direction. The channel banks are steep in the upstream segment and despite
being well vegetated with small mangroves, they are prone to slumping. The
upstream segment is typicalry bordered by sandy levees on which bamboo,
Kapok trees and papcrbark forest grow.
4.3.2 Channel width
' Plots of channel width versus distance ,/rom the mouth are given for the
three study rivers in Figure 4.3. The funnel, sinuous, cuspate and upstream
\ ' *
channel segments in 'each of the rivers are delineated and abbreviated as
zones F. S, C and U respectively, both here and throughout the remainder of
the text. Figure 4.3 shows that channel width generally decreases negative-
exponentially with distance from the river mouth in all three rivers, except
through the sinuous and cuspate reaches of the Sooth Alligator. Channel
width in the cuspate segment is locally greater than in the sinuous .reach of
the South Alligator and is highly variabbe. reflecting alternating narrow
.,.cp ^ K.O.H intercusp profiles. Channel width in the Daly river fluctuates
M
'.If'!
o
3=
X
u
10000
I ooo-j
100-J
10
10000
1000
100 :
to
20 40
1
60
'••*.'
BO
\ >A>*
S
A/x
100
20 40 60 80 100
106
i (''
10000
~ 1000:
X
1-
o
*
_J
Ul
1 100-
< :
X
u
10-
F
v\l
/
8
/
<
•"'•.'."'•'^f. .•*>,«_ >^-,. _' . .
'*• *
AT
* /.*'.'"••".•'•
U
•^
%N-
 »-A»,««
>N i nj20 40 60
DISTANCE FROM MOUTH (km)
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estuarine funnel, sinuous, cuspate and upstream segments of nver
respectively.
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significantly about the general .rend line, particularly in the sinuous and
cuspate segments. The Addaide river funnel is pinched at a bedrock
constriction known as the narrow, situated 4 km from the river mouth.
Upstream of this, the cstuarinc funnel is similar to that of the other rivers.
Beyond the estuarine' funnel, channel width decreases at a gentle and
uniform rate, with no significant fluctuations.
To .assess the rate of tapering in the rivers, channel width was plotted
against distance from mouth in a dimensionless form in Figure 4.4.
Dimensionless width was derived by dividing all channel widths by the width
of the channel at the river mouth (W0). Dimensionless distance was
calculated by dividing all channel distances by the distance from mouth to
the tidal limit (/). The values of / for the South Alligator, Daly and Adelaide
rivers are 103, 108 and 130 km respectively and the values of W0 are 8080,
%
10900 and 1431 m respectively. In order to highlight local changes in the
channel width tapering rate, all of the rivers were broken into segments,
each of which was analysed separately. The South Alligator river was
segmented into three parts, these being- 0-28 km (the funnel), 28-73 km (the
sinuous and cuspate segments) and 73-103 km (the upstream reach). The Daly
river was divided into two parts, namely 0-28 km (the funnel) and 28-108 km
(fhe remainder). The Adelaide river was similarly segmented, the two parts
being 0-20 km'(the /unnel) and 20-130 km (the remainder). The
dimensionless distance/width data were' plotted in semi-log format and fitted
with exponential curves of best fit. Following the-convention of Wright et al.
(1973), width tapering coefficients for the rivers^ were determined by
modifying the exponential regression equation for each plot, into the general
f o r m ,
WX/W0 =
• f t
...(4.2)
.001
01 -
(0-26 km) Wx/Wo = 8-(-7.54x/l) R = 0.96
(28-73 km) Wx/Wo = e'(-0.37x/l) R r O J S
(73-103 km) Wx/Wo = e'(-7.63x/l) R = 0.92X\
0.0 0.2 0..4 —I—0.6 0.8 1.0
.001
(0-28 km) Wx/Wo = e'(-Q.44x/l) R = 0.91
(28-108 km) Wx/Wo r e-(-7.!8x/1) R = 0.96
01 -
0.0 0.2 04 0.6 0.8 1.0
.01 -
.001
(0-20 km) Wx/Wo i e'(-6.88x/l) R = 0.73
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Figure 44- Dimension^ channel width (WXIW0) versus dimenslonless
is^r^ :^>«»£:best fit shown relate to specific segments of river channel.
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where Wx U channel widlh al dislanM „
a, mou.h, I is distance from mouth to the tidal limit, and & is A, width
taper ing coefficient.
Correlation coefficients were tested for statistical significance by
calculating the two tailed t test statistic following Ostle (1966) whereby
rn_2 = R(n-2)0-5 / (i.R2)0.5 - (4^
where n is the number of data points and R is the correlation coefficientTX
The rates of channel width decrease in the estuarine funnel segments of
^ach of the rivers were uniformly high. Values of b for the South Alligator,
Daly and Adelaide river funnels were -7.54 (R = 0.96, tl2Q, p « 0.001), -8.44 (R =
0.91. r120. P « 0.001) and -6.88 (R = 0.73, r80, p « 0.001) respectively. A poor
relationship was derived for the South Alligator sinuous/cuspate segment,
where the b value was only -0.37 (R = 0.15, r160, p = 0.058). Width in this
reach is highly variable and clearly does not follow the general trend of
negative exponential decrease with distance upstream. The funneling rate in
i
'the upstream segment of the South Alligator was similar to that in the
estuarine funnel, the b value being -7.63 (#= 0.92, r80, p « 0.001). A high
tapering coefficient was also computed for the Daly river sinuous/upstream /
segment where the b value was -7.18 (R = 0.96, r$j0, p « 0.001). In the same
reach in the Adelaide river, a low rate of funneling was noted, the b value
being -1.47 (R = 0.94, r160, p « 0.001). The finding of similar width .'tapering
coefficients in the South Alligator and Daly rivers conflicts with Wright et al.
(1973; pp. 38-39) who argue that the rate of width convergence in tidal rivers
is inversely proportional to the ratio of riverine. discharge to tidal prism. In
Chapter Five it will be shown that the Daly river ratio is between six and
seven times greater than that in the South Alligator river.
Table 4.2 indicates that rates of tapering throughout the study rivers,
except in the South Alligator cuspate/sinuous and Adelaide sinuous/upstream;
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segments, exceed all the tapering coefficients reported by Wright „ al. (1973)
and Wright and Them (1978) for various tropical estuaries around the wor.d.
ESTUARY
S. ALLIGATOR (0-28km)
S. ALLIGATOR (28-73km)
S. ALLIGATOR (73-103km)
DALY (0-28km)
DALY (28-108km)
ADELAIDE (0-20km)
ADELAIDE (20-130km)
ORD, W.A.
IRRAWADDY, BURMA
HOOGHLY, GANGES DELTA
KHOR ABDULLAH. IRAQ
CUA SOIRAP. VIETNAM
MEKONG. VIETNAM
FLY. PAPUA NEW GUINEA
-7.54
-0.37
-7.63
-8.44
-7.18
-6.88
-1.47
-4.28
-3.54
-2.83
-4.40
-2.80
-2.80
-4.35
SOURCE
Present study
Wright et al. (1973)
Wright and Thorn (1978)
Table 4.2: Tapering coefficients for various segments of the study rivers and
selected funnel-shaped tidal rivers from around the world.
4.3.3 S inuos i ty
.Sinuosities of the Ihree study rivers ranged from low to moderate.
Upstream of the estuarine funnejs, sinuosity values of 1.43 and 1.44 were .
measured for the South Alligator" and Daly rivers respectively, while the
comparative value for the Adelaide river was 1.78. Sinuosities of all the
individual meander waves measured in the three rivers are plotted in Figure
4.5. Meanders of the Adelaide river are the most sinuous, with more than a
third having sinuosity values greater than 2. The majority of meander waves
in the South Alligator and Daly rivers have a low sinuosity (less than 1.5).
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Figure 45- Sinuosity of all meander bends sampled along the (a) South
Alligator, (b) Daly, and (c) Adelaide rivers.
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4-3.4 Meander
. Plots of channel width versus meander wavelength (Lm) for each river
(ex'cepting the funnel segments) are given in Figure 4.6. In each of the plots
shown, meander wavelength increase with channel width is described using
the following form of equation '
Lm = iW* _ (44)
The exponent values (x) derived for the South Alligator. Daly and Adelaide
i
rivers arc 0.46. 0.62 and 0.35 respectively, indicating that wavelength
increases with width" most steeply in the Daly river and least so in the
Adelaide river. These relationships are statistically significant in all three
*
rivers. For the South Alligator and Daly, the correlation coefficients are 0.78
(n = 21. p « 0.001) and 0.93 (n = 16. p « 0.001) respectively, while for the
Adelaide river the relationship is less strong (R = 0.55, n = 25, p < 0.01).
The width to wavelength ratios determined for the study rivers are
significantly lower than those reported in the literature for fluvial rivers
(Table 4.3). Considerable variation exists in fluvial rivers, but the equation
N
cited by Williams (1986), where Lm = 7.5W1-12 (n = 191. R = 0.96). is a good
fluvial average. For the range of widths in the study rivers, this equation
i
predicts much larger meander wavelengths than observed.
Only two comparative Lm-W equations could be found for estuaries;
those of Jenks (1975) for the Maclennan estuary in-South Island, New
Zealand, and Jenks (1982) for the Manning river delta distributary. New
South Wales. For the Maclennan, Jenks (1975) found Lm = 9.21 Wl-222
 (n = 5.
R = 0.97), closely resembling the relation found id fluvial rivers by Leopold
and Wolman (1957). In the Manning. Jenks (1982) found Lm = 21.975 W0.906
(n = 156. R = 0.87). indicating significantly larger W-Lm ratios than observed
for fluvial ri~~ *•* the study rivers. Geyl (1976i) does not provide
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comparative W-Lm equations for hi« I;H»I .4 duuns ior his tidal stream systems in the Netherlands.
but cites W-Lm ratios of 1:15 in the Srh^Mt
 mtt c -m me icncldt and Ems estuaries, indicating
similar relations to those determined for the study rivers.
if
IELA'
Lm
Lm
Lm
Lm
Lm
Lm
Lm
Lm
Lm
Lm
Lm
Lm
Lm
Lm
Lm
Lm
Lm
ndi^pp
= 155.2 WO-4*
= 60.3 WO-62
= 328.8 W°-35
= 9.21 Wl-222
= 21.97 wO-906
= 6.06 W
= 10W
= 20 W
= 9.76 Wl-019
= 6.5 W1-11
= 12.13 Wl-09
= 7.5 W1-12
= 12.34 W
= 16.9 W1-07
= 4.6+19.3 W
= 11 W1-14
= 17.2 W
RIVER
SA
DA
AD
M
MD
C
F
F
F
F
F
F
F
F
F
F
F
n
21
16
25
5
154
*
*
*
*
*
*
191
*
*
' *
*
*
*
0.78
0.92
0.55
0.97
0.87,
*•
*
*
0.99
*
*
0.96
*
0.84
0.82
0.82
*
SOURCE
Present study
n
tt
Jenks (1975)
Jenks* (1982)
Inglis (1938)
Hickin (1977)
Yalin (1972)
Dury (1976)
Leopold and Wolman (1957)
Leopold and Wolman (1960)
Williams (1986)
Richards (1982)
Ferguson (1971)
Ferguson (1975)
Ferguson (1975)
Gorycki (1973)
Table} 4.3: Reported relationships between channel width (W) and meander
wavelength (Lm) in selected fluvial rivers (F), regime canals (C) and
estuaries M D = Manning river delta distributary, New South Wales, M =
Maclennan estuary. New Zealand, SA - South Alligator river, DA = Daly river,
AD = Adelaide river. * denotes data unavailable.
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4.3.5 Meander
Plots of meander amplitude (Am) versus channel width for each of the
study rivers are given in Figure 4.7.
 m each of the plots shown, meander
ampli tude increase with channel width is described using the following form
of equation
= JWX ... (4.5)
The exponent values (y) in the South Alligator and Daly rivers were 1.12 and
6.98 respectively, indicating near linear rates of increase in both of these
rivers. Statistically significant relationships were found for the South
Alligator and Daly rivers, the correction coefficients being 0.73 (n = 21, p «
0.001) and 0.83 (n = 16, p « O.OQ1) respectively. The Adelaide river data were
divided into two groups as inclusion of the estuarine funnel meanders
4 *
produced a spurious relationship. The exponent value for the sinuous and
upstream segments was 1.16 (R = 0.71. n = 19, p < 0.001).
Table 4.4 shows that the channel width to meander amplitude ratios
calculated for the South Alligator and Daly are significantly lower than all
those reported in the literature for fluvial rivers. The most comprehensive
statist ical relationship between channel width and meander amplitude in
fluvial rivers has been reported by Williams (1986). where Am = 4.3 W1-12 (n
= 153, R = 0.96). For the range of channel" widths reported in this study, width
to amplitude ratios of 1:7 to 1:10 apply for fluvial rivers, while the ratios for
the South Alligator and Daly rivers are of the order of 1:2 to Ij3. Width to
amplitude ratios in the Adelaide river meanders are around 1:8 to 1:10.
indicat ing similarity with relationships reported for fluvial rivers.
The only relationship available for tidal streams is that reported by
Jenks (1982) for all distributaries in the Manning delta system, where Am =
12.51 WO-721
 (n = 156, R = 0.66)., Over the range of channel widths reported in
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the present study, this relationship yields similar results
 to lhose obuincd for
,he South AUigator and Da,y rivers (i.e.: width to amplitude ratios of'1:2 to
1:3). - . • ' : • • '
RELATIONSHIP
Am = 1.06 W1-12
Am * 2.71 W<>-98
Am = 3.93 W1-1^
Am = 12.51 WO-721.
Am = 17.6 W
Am= 14 W
Am = 18.6 wO-99
Am = 10.9 W1-04
Am = 2.7 W1-1
Am = 4.3 W1-12
RIVER
DA
AD
• MD
F
C
C
C
F
F '
n
16
21
25
156
*
*
*
*
*
153
R
0.73
0.8J
0.71
0.66
0.96
SOURCE •'
Present study
H
H
Jenks (1982)
Jefferson (1902)
Inglis (1939)
Inglis (1949)
Inglis (1949)
Leopold and Wolman (1960)
Williams (1986)
Table 4.4: Reported relationships between channel width (W) and meander
amplitude ( A m ) in selected fluvial rivers (F), regime canals (C) and estuaries.
MD = Manning river delta distributary. New South Wales, SA = South Alligator
river, DA = Daly river, AD = Adelaide river sinuous and upstream segments. *
denotes data unavailable.
4.3.6 Meander radius of curvature
•«»
K
Plots of meander radius of curvature (Re) versus channel .width for
each of the study rivers are given in Figure 4.8. In each of the plots shown,
meander radius of curvature increase with channel width is described using
the following form of equation •
 c
Re = kWz . - - (4-6) '
All of the rivers exhibited a trend of increasing bend radius with channel
width.' Strong relationships were found for the Daly and Adelaide rivers,
-I-.- .!„ P uih.r. nrm 0.86 (" - 1*- P « O-001) ^  °'79 (" = 25' P <<wiicic Uic iv valUCS »••» u-w^J i w » ~ -
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The; relationship found for the ABeiaide conforms closely to that derived
for .fluvial rivers by Williams (1986), where Re = 1.5 Wl-12 (n = 79, R = 0.97).
For W > .250 m, the equation derived for the Adelaide predicts much larger
radii of curvature than does the fluvial river comparison. For W < 300 m (i.e.:
mainly within the upstream segments), the Rc/W ratios on the South
* i ' * k
Alligator and Daly rivers are similar to the .fluvial average of 1:2 to 1:3.
whereafter considerably lower ratios are evident.
The only reported estuarine relationship is that of Jenks (1982) -fdr tidal
' streams in the Manning - delta distributary, where Re = 8.034 W0-984 (n = 156, R
= 0.83). This equation predicts • much larger Rc/W ratios than do the fluvial
and study river relationships.'
The Rc/W ratio, has been integral to' several theories concerned with
flow resistance and meander stability in fluvial rivers (Bagnold, 1960; Hickin,
1974; Hickin and Nanson, 1975; Davies and Sutherland, 1980; Begin, 1981b;
Nanson and Hickin. 1983). Leopold and Wolman (1960) and Bagnold (1960)
suggested that the average Rc/W ratio for fluvial rivers was between 2 and -3.
arguing that bends 'tend towards such Rc/W ratios' to provide minimum
curvature resistance. Support for this theory came later from Hickin (1974)
who made a detailed study of meander migration in the Beatton river. Canada,
by examining scroll bar dimensions. From a population of 50 former
meander traces." Hickin (1974) measured an average Rc/W value of 2.1 K with a
standard deviation of only 0.13, or ± 6.16%. Similar mean values (though
more variable) were reported by Nanson and Hickin (1983), based on patterns
of forest succession. More recently, the extensive analysis' by Williams (1986)
yielded a mean Rc/W value of 2.43 (n = 79) i, arrange of 1.02 to 6.87.
V ,
'
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The vast body of
 work carried ^ by ^  ^  ^  ^  ^ ^ ^
Canadian rivers has demonstrated that the Rc/W rati6 is an important
determinant of channel mign«ion ratc. Hicjdn (19?4) ^  ^ ^ R^
ratio of 2 could be defined as the critical curvature ratio, above which bend
migration would ensue. In the Beatton river, Hickin and Nanson (1975)
found that migration ratc reached a maximum at Rc/W value^of 3.0 and •
declined steeply for greater or lesser values.
Plots of the Rc/W ratio with respect to clisiarice <from mouth in each of
the three study rivers are given in Figure 4.9. A great deal of scatter is
evident in these data and only a small number of bends in,'each river have
Rc/W ratios of between 2 and 3. '
4.4 RIVER CROSS-SECTIONAL FORM
4.4.1 Channel depth
longitudinal profiles of mean and maximum (thalweg) channel depth at'
HWSL (high water spring tide' level) for all three study rivers are plotted in
Figure 4.10, where the boundaries of the major planform subdivisions arc
also indicated. Average mean depths for the South Alligator and Adelaide
rivers are 7.6 and 8.9 m respectively, while the Daly river has an. average
mean depth of only 3.6 m. . - *
In the South Alligator river, mean depth of cross-section ranges
between 5 and- 16 m and is greatest in the sinuous - segment where the average
is 12.1 m, -though there is considerable variation about this value. The
thalweg depth locally exceeds 25 m in this, section of the river. Meaft depth is
fairly regular in the estuarine funnel, the average being 8.9 m. The cuspate
segment of the river is considerably shallower than' the sinuous, the
o
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Figure 4 10- Mean and maximum channel depth (d) at HWSL versus Stance
from mouth in the (a) South Alligator, (b) Daly, and (c) Adelaide rivers.
Symbols F S C-and U denote estuarine funnel, sinuous, cuspate and upstream
slants of river respectively. Note different vertical scales amongst plots.
average mean depth- beine onlv i i$L n. ,_
v uc.ng only v.lTft. Depth variance within this segment
reflects profiles taken both over mid-channel shoals in intercusp reaches
and over narrow, deeper cusp point transects. Mean channel depth is lowest
in the upstream segment where the average is only 5.4 m.
The longitudinal profile of -channel depth in the Adelaide river displays
a similar pattern to the South Alligator river, though the absolute depths are -
greater and a shallow cuspate segment is absent. Mean depth in the .Adelaide
river ranges between 5 and 13 m. Again, the sinuous river segment is
deepest where average mean depth is 10.7 m and thalweg depth frequently
'•*
exceeds 15 m. Depths are smaller itt the estuarine funnel where the average
/
mean depth is 7.3 m. In the upstream segment, the average mean depth is 6.6
m and a trend of decreasing depth with distance upstream is evident.
In addition to being much shallower, the Daly river exhibits a
s igni f icant ly different longitudinal depth profile compared to the South
Alligator and Adelaide rivers. The deepest segment in the Daly river is the
estuarine funnel where average mean depth is 5 m, but thalweg depths
locally exceed 10 n\, Depth throughout the rest of the river is fairly constant,
mean values for the sinuous, cuspate and upstream segments being 3.1, 3.3
and 3.3 m respectively.
•
4.4.2 Floodplain ^ bed elevations' relative to height datum
Figure 4.11 illustrates the elevation of the river floodplain and channel
bed with respect to Australian Height Datum (AHD) at various points along
each of the study rivers. Floodplain elevations in the South Alligator are
based upon extensive topographic surveys carried out by. the Australian
Survey. Office (Woodroffe et «/.. 1986). while for the Daly a^d Adelaide rivers.
elevations are based upon the known heights of select "gauging structures
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DIT Ioperated by the Water Division, Northern TcrritoTDepanment of Mines and
Energy. (M. Nicholas, personal communication). Most of'the bed elevations
were derived from
thc hcight
relationship between HWSL and thc floodplain was estimated, though a few.
are based upon known relationships between the bed and AHD at gauging
structures. The South Alligator and Adelaide rivers have very gentle
floodplain gradients of around 1:100000 and 1:600000 respectively.
Downstream of the 60 km mark, the Daly river has a gentle floodplain
gradient of 1:40000, though upstream of this point the gradient steepens"
markedly to 1:3500. From the bed elevation plot it can be seen that the bed
slopes of the South Alligator and Adelaide .rivers are broadly similar, though
the absolute level of the Adelaide bed is appreciable lower. The Daly river
shallows very rapidly, such that upstream of the 40 1cm marie the river bed is
only 3 to 4 m below AHD.
4.4.3 Channel width/depth ratio
/
/—"Pl<(ts of the channel width/depth ratio (F), versus distance from" mouth
for all three study rivers are presented in Figure 4.12. The major planform
«
morphologic divisions are delineated on the plots for reference. The
width/depth ratio decreases with distance from mouth at a negative
exponential rate, though with considerable variance.
In the South Alligator river, F decreases gradually with distance
through the estuarine funnel from 350 to 100. F is fairly constant at around
50 in the sinuous segment but rises abruptly and fluctuates significantly in
the shoaling cuspate segment before declining again through the upstream
segment. In the Daly river, the range of F values is similar to lhat of the
South Alligator, though the longitudinal pattern is different in one major
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Figure 4 12- Channel width/depth ratio (F) at HWSL• versus distance from
mouth in the (a) South Alligator, (b) Daly,-and (c) Adelaide nvers. Symbols F,
S C and U denote estuarine funnel, sinuous, cuspate and upstream segments
of river respectively. ,
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regard. Width/depth ratios in the naiv HV.,mc ua|y nvcr arc greatest in the upstream
ha,f of the estuarine funnel and within the sinuous segment, where the
channel has widened substantially" and is subject to shoaling. In the Adelaide
river. F decreases smoothly in a negative exponential manner with respect to
distance upstream and the range of values is much lower than in the other
rivers. While F decreases sharply in the estuarine funnel, it remains fairly
constant throughout the sinuous and upstream segments of the river.
4.4.4 Channel cross-sectional
Semi-log plots of channel cross-sectional area (A) versus distance from
mouth for each of the rivers are given in Figure 4.13. The principal river
planform morphologic divisions are delineated in these plots for reference.
All three study rivers exhibit a strong negative exponential decrease in
channel cross-sectional area with respect to distance from mouth.
Regression analyses were performed on the whole river series data plotted in
Figure 4.13 but the curves of best fit were not plotted. Exponential fits gave
correlation coefficients -of 0.95 (n = 72, p « 0.001) for the South Alligator
river, 0.98 (n = 59, p « 0.001) for the Daly and 0.96 (n = 59. p « 0.001) for the
Adelaide river. The reason for not presenting the whole river series curves
-is that in the case of the South Alligator and Daly rivers, the data appeared
sui ted to subdivision into different groups.
The South Alligator river was segmented into three groups (0-28, 28-73
and 73-103 km), corresponding to the estuarine funnel, sinuous/cuspate and
upstream segments. The Daly river was similarly segmented into three
groups, these being the funnel (0-28 km), the sinuous/cuspate segment (28-
57 km) and the upstream segment (57-108 km). The Adelaide river was not
segmented as there were no appreciable breaks in the slope of the trend of
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decreasing cross-scctiona, area with distance upstream. The sinuous and
cuspate segments ^ of the South Alligator river were again the locus of a
s.gnif icant break in slope with respect to the longitudinal profile of channel
form. Cross-sectional area decreases at a markedly lower rate with distance
upstream in these segments and variance about the trend line- *s greatest. In
the Daly river, an opposite trend is evident, whereby the rate of cross-
sectional area diminution abruptly accelerates in the sinuous/cuspate
segment, followed by a significant rate decrease in the upstream segment.
To enable comparison with the width versus distance relationships
derived in Figure 4.4, the cross-sectional area data were converted into
dimensionless form. Dimensionless cross-sectional area is plotted against
dimensionless distance from mouth for each of the study rivers in Figure
4.14. Curves of best fit were fitted to the data and the resulting equations for
each plot were modified into the general form
A
 x/ A0 =€-«/' ...(4.7)
where, Ax is the cross-sectional area at distance x from the mouth, AQ is the
»
cross-sectional area at the river mouth, c is the channel cross-sectional area
4
tapering coefficient, similar to the channel width tapering coefficient (b) in
equation 4.2. and '/ is the distance from the mouth to the tidal limit.
The'local c values within the South Alligator river were -7.78 for .the
funnel (R = 0.99, n = 7. p « 0.001). -2.46 (R = 0.93. n = 34, p « 0.001) for the
sinuous/cuspate segment and -8.12 for the upstream segment (R = 0.75, n = 31.
p « 0.001). Comparative values in the Daly river were -6.55 (R = 0.95, n = 11. p ,
« 0.001) for the funnel. -9.72 (R = 0.94. n = 17. p « 0.001) for the sinuous/
cuspate segment and -3.70 for the upstream segment (R = 0.92. n = 31. p «
0.001). The single value for the Adelaide river was -2.70 (R = 0.96. n = 59. p «
0.001). indicating a very low rate of decrease in cross^sectional area with,
distance upstream. In each of the rivers, variation about the trend lines was
o
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rcuch lower than in
 thc case of dimcnsionlcss wjdth
mouth (Figure 4.4), reflecting the continuity of-tida, prism.
The results for the South Alligator and Daly rivers reveal important
changes in channel state in the sinuous/cuspate segment. In the case of the
South Alligrtbr river there is a sharp decrease in c in thc sinuous and
cuspate segments, while in thc Daly river, c increases slightly. In thc South
Alligator upstrea^ segment, c increases again to the same level as in the
funnel , while in the upstream segment of the Daly, c is greatly reduced such
that it is similar to the low value measured for the Adelaide river. •
4.4.5- Other parameters
Horizontal asymmetry of cross-section (A«), as defined in equation 4.1, is
plotted -against distance from mouth for all three rivers in Figure 4.15. No
signif icant longitudinal trends emerged from these data, though values were
clearly lowest over most of the Adelaide river. Although the Adelaide river is
more sinuous than the other rivers, it is also considerably deeper, resulting
in much more regular u-shaped cross-section profiles.
Plots of cross-sectional vertica; asymmetry (T) versus distance from
mouth are shown in Figure 4.16. Vertical asymmetry was calculated as the
d Q U / d m , r ratio and is hence a measure of cross-section triangularity. ' While
a V m a A ^
there is considerable scatter in these data, some interesting inter-river and
inter-segment comparisons do emerge. Values of T are considerably . lower in
the Adelaide river than in thc South Alligator and Daly rivers and tend to
generally increase with distance from the mouth. While there is '
considerable scatter in the comparative Daly river data, a notable peak occurs
the shoaling reaches about the estuarine funnef/sinuous segmentin
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cuspate and upslream
 -
segments of rive.r respectively.
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noundary. beyond which a general decrease
any systematic variation • „
 T a!ong u,e Sou.,. n,»llm nvcr, though „
n.«ble tha, vaiues are pariicul,rly ,„« „ „,, Bluarine funne| ^ ^ ^
s egmen t s .
Plots of the cross-sectional roughness index (Cr) versus distance from -
mouth for all three rivers arc given in Figure 4.'l7. Cr is defined as dav/ad.
where ad is the standard deviation' of- all depth measurements taken across
the section. Longitudinal patterns of Cr tend to mirror those of the vertical
asymmetry index T., In the Adelaide1 riven Cr gradually increases wi'th
distance upstream, presumably as shoaling becomes more prominent. No
systematic pattern is evident in the Daly and South Alligator rivers however.
i ,
•* • •
4.5 RATES AND PATTERNS OF HISTORIC CHANNEL CHANGE
During historic times and over the last few thousand years, the South
Alligator, Daly and Adelaide rivers have undergone varying degrees of
channel change. The Daly has been a very actively migrating river, while
the Adelaide river has barely changed pMtion over tne Past few thousand
years. The South Alligator river on th?Sther hand, has undergone .only
minor positional change in historic times, though numerous paleochannels
adjacent to the present channel indicate that it has migrated significantly
v
over the last 2000 years.
Mean and maximum channel migration rates were estimated for each of
t h e major morphologic divisions within each of the three rivers, for various
time intervals. Results are summarized in Table 4.5. Daly river data cover the
periods 1950 to 1969 and 1969 to 1983. while data for the South Alligator and
• A, iosn to 1983 and 1950 to 1985 respectively.Adelaide rivers cover the periods 1950 to i*w 4»u
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F,
136
R i v e r
D a l y 1950-69
Daly . 1969-83
S. Alligator 1950-83
Ade la ide ' 1950-85
max
2.3
11.1
1.1
0.1
-— ^ •^ -•a
4.1
19.6
2.3
0.1
.
18.6
27.0
0.3
0.1
•^•^^ •• i .
37.3
64.9
1.4
0.1
• ^  ^ —i
11.6
9.1
0.3
N/A
• i —
44.7
53.6
0.5
N/A
. 0.5
1.0
0.0
0.0
7.9
22.0
0.8,
0.0
S
°
Uth
n« n A , *Daly and Adelaide rivers estimated from sequential aerial photography
Symbols f , i, C and U denote estuarine funnel, sinuous, cuspate and upstream
segments of river respectively. Subscripts av and max denote average and
maximum migration rate respectively. N/A denotes data not applicable
Figure 4.18 depicts the pattern and magnitude of recent channel change
in representative segments of the estuarine funnel, sinuous and periodically
cuspate reaches in the Daly river. These illustrations and the data in Table
4.5 demonstrate that the Daly river channel has shifted position substantially
during the surveyed period 1950 to 1983. Highest migration rates were
measured in the sinuous segment where the mean rate of channel movement
was 27 m/yr and the maximum movement at any point was 64.9 m/yr. In the
periodically cuspate segment; rates of movement were lower but still
substantial , the mean migration rate in this segment being around 10 m/yr
and the maximum rate of movement around 50 m/yr. The neck cutofpn this
segment occurred during the 1977 wet season. In the estuarine funnel, mean
and maximum rates of channel migration were as high as 11.1 and 19.6 m/yr
respectively. Low average migration rates were measured in the upstream
-cgment (0.5-1 m/yr), though the maximum rate exceeded 22 m/yr.
Comparatively low rates of channel migration were measured on the South
Alligator river for the period 1950 to 1983. The highest rates of movement
took place in the estuarine funnel where the mean and maximum migration
rates were 1,1 and 2.3 m/yr respectively.' Mean migration rate in the sinuous
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f-'igure 4.18: Historic -,..-
Daly river over the period 1950-1983. ***»"»
funnel (km 4-15), B = ~ sinuous (^28-40), and
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v m d cuspate segments -was around 0 •* ™/
around 0.3 m/yr, while in the upstream segment
here was negligible movement It
 wac Vfrv A-tr ,
u was very difficult to resolve any changes
n channel position in the Adelaide river over the period 1950 to 1985. The
. n a x i m u m channel migration rate determined for- the estuarine funnel and
:inuous segments was 0.1 m/yr. while no movement was detectable in the
upstream segment. On the basis of scroll plain radiocarbon dates. Chappell et
u/. (in press) report average and maximum migration rates of up to 0.1 and 0.2
m/yr respectively for the Adelaide river sinuous segment.
4.6 PALEOCHANNEL NETWORKS
• i
r
Examination of the distribution and dimensions of paleochannels across
the study river floodplajns enables consideration of present tidal channel
i
form within an evolutionary context. Paleochannel networks in the Daly and
South Alligator rivers are shown in Figures 4.19, 4.20 and 4.21.
The ubiquity of paleochannels across the Daly river floodplain is
consistent with the historical evidence of rapid and widespread channel
change in this river. The most frequent form of channel change in the Daly
appears to be progressive meander expansion, leading to the development of
compound loops and eventually abandonment by neck cutoff. or .lobing. sensu
Bnce (1984). Most abandoned Wanders arc characterized by high degrees of
asymmetry with marked downstream inflations and nested scroll bars.' As.
tor historic patterns of channel movement, paleo-rates appear to have been
..ghest in the sinuous and cuspate segments of the Daly river. Chappell et al.
• m press) provide a detailed account of the migration behaviour of the
modern Daly river channel, based upon six successive aerial photo surveys
taken between 1943 and 1983 and extensive stratigraphic drilling. In
summary, they demonstrate that rates of migration are highest in the
139
.19: Daly river paleothanncl network (dashed lines) and present day
channel, km 28-57.
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^consolidated late Holocene soft sand*
 9nH
»on sands and sandy muds which have been
-posued by overoan* fluvial floods. Where the river reaches the margin of
,se materials, it encounters moderately consolidated mangrove muds and
• uddy sands deposited during the mid-Ho.ocene. They demonstrate that
.here this occurs, the migration rate slows dramatically.
In the South Alligator river, palcochanncls are also most abundant in
;he sinuous and cuspate segments, as shown in Figures 4.20 and 4.21. As in
the Daly river, meander lobing has been primarily responsible for channel
abandonment, though" on the South Alligator river, nested scroll bars are less •
evident , perhaps due to the much slower rates of channel migration.
Woodroffe et al. (1986) have drilled into paleochannels and dated the deposits
at several sites on the South Alligator plains, revealing a series of
abandonment ages ranging between 1290 and 4500 years BP, as well as one
cutoff dated as modem. Several of these cutoffs have left cusps on the
insides of the new bends, indicating one mechanism by which cuspate
meanders may form. Unlike in the Daly, these cusps have persisted as stable
channel forms in the South Alligator river and have had important
imp l i ca t ions for hydrodynamic processes and future channel development.
as shall be detailed in Chapter Six.
Woodroffe et al. (1986) have argued that the South Alligator river was
nee a highly sinuous channel similar to the present Adelaide river. While
.c morphometry of most of the paleochannels suppoU-this idea,
.certainty exists regarding the actual course of the river at any one time.
:deed, the wide range of radiocarbon ages from different pa.eochanne.s
-monstrates that they were not all contemporaneous. Nevertheless, it is
iea r that the present low .inuosty. wide, cuspate channel is dramatically
afferent from the river in existence from about 1000 to 5000 years ago.
t -gure 4.22 compares present channel width in the South ft.igator river wit,
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4.22: Comparison of contemporary and paleochannel widths versus
-listance from mouth in the South Alligator river. Dates shown are based on
^diocarbon determinations reported by Woodroffe et al. (1986).
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the measured dimensions of various nai^h, i
various palcochanncls, some of which have been
dated. It is notable that as recently as 1400 years ago, there was a
s.gnificantly narrower river channel in the place of the now broad cuspate
segment. Some of the undated paleochannels may well be more recent. All of
. the data suggest that the present channel is considerably larger than any
that existed before.
With the exception of two major anabranches in the upper reaches.
there is no evidence of a paleochannel network on the floodplain of the
Adelaide river. Chappell et al. (in press) have shown that the Adelaide river
had a major anabranch which separated from the present channel at about
64 km from the river moutfi and drained into Chambers Bay across the coastal
pla in to the north of the river. They argue that the anabranch was probably
dammed when cheniers began forming at the coast in the late Holo&enc and
rapidly infilled. Assuming that abandonment and infi l l ing of the anabranch
occurred around 2000 to 3000 years BP, when most chenicr building was
active (Clarke et al., 1979), the Adelaide river has been stable for several
mil lennia . However, it is interesting to note that several meander loops in
the Adelaide river are now close to abandonment by lobing (see, for instance.
Figure 4.23).
Chappell et al. (in press) indicated that the Adelaide river is entrenched
in a prior channel which has cut down into the sub-floodplain laterite
surface. Closer analysis of the cross-sectional data in this study gives support
to this view. Figure 4.23 depicts the planform and selected cross-sectional
profiles of the Adejaide river between 37 and 48 km from the mouth. The
cross-sections shown, and many others throughout the river, have a
distinctive bench at depths of 10 to 12 m on the outside of the meander bend.
Dredging^rcveals that this bench consists of deeply wcathertd laterite
concretions. These findings are consistent with results from stratigraphic
V j
• '• .; *
'II
Figure 4.23: Planform and selected cross-section profiles, km 37-48. Adelaide river. Vertical exaggeration of cross-section
profile is x!2. Arrow points to outer bank of meander, Ib denotes laterite bench detected by dredging. Depths of cross-
sections shown are in metres relative to HWSL. Hole downstream bias of mangrove forest on inside of bends.
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.ruling on the floodp.ain, which |rtdicatc .
between 10 and 12 m depth (J. Chappe,,.
 pcrsonal communication,
The Adelaide river has- had to widen to accommodate increasing tidal
• fluxes brought about by sea-level rise through the Miocene and has slowiy
eroded into ^he laterite. though it is evident from the cross-section profile,
that the river is still locked into an inherited channel. The laterite bench is '
up to 50 m wide in certain locations. Dividing this disrate into the time
since sea-level stabilization (6000 years ago), gives a channel migration rate
of around 0.01 m/yr which is an order of magnitude lower than estimates
based on air photo interpretation and radiocarbon dating of point bar
deposi ts .
4.7 PRINCIPAL, RESULTS OF CHAPTER FOUR
The aim of this chapter is to describe and compare the morphometry of
the three study- river systems. Key findings arc as follows:
>(i) Four distinctive types of river planform are identifiable in the -
rivers, these being the estuarine funnel and th& sinuous, cuspate and
upstream segments. Each type of channel segment is. present in all of the '
rivers except for the cuspate form, which is well developed and stable in th<£
South Alligator river, transient in the Daly river, but absent from the
Adelaide river. f.
« •
( i i ) Channel width decreases negative-exponentially with distance
upstream of the mouth in each of the rivers. The rate at which channel
width tapers with distance varies greatly both within and between the three
rivers. Very high rates of tapering were noted in the Daly, wfiiie in the. ',
Adelaide very low rates were noted. High rates of width decrease in the South
I
14?
AHigaton funn... and upstream
 reaches'are ^ ^ by very-,,„.; ratM of. .
tapering in the 'cuspate segment. ' . - ." ' .
.Jiii) Meander watelength to - ch'annel width - ratios in each of the* rivers
are significantly lower than those reported in the literature for fluvial
rivers and some estuaries, . :. -
(iv) Meander amplitude to channel width ratios for the South-Alligator
and Daly rivers, are much lower .than'values reported in the' literature for
fluvial rivers. .Comparative values for the Adelaide river, on the other hanrf,
correspond closely tp those deduced for typical fluvial' rivers. ,. •••?
.1 * '
(v) Meander radius of curvature to channel width ratios are generally
much lower for the, South Alligator and Daly rivers than comparative values
reported for fluvial rivers. Most of the Rc/W ratios for the meanders of. the
-Adelaide river however, agree with the. trends observed for fluvial rivers.
(vi) Longitudinal profiles of channel depth in (he rivers indicate that ' ' "
the Adelaide is by far the deepest of the rivers and that the Daly is the
shallowest. Depths in the South Alligator are intermediate and the pattern is
*
distinguished by larM depths in the sinuous reach and low depths in the
cuspate segment. Channel width/depth ratios range between 350 and 50 in
the South Alligator and Daly rivers, and 150 and 20 in the Adelaide river.
(vii) Channel cross-sectional area declines in a negative exponential
manner with distance upstream of the mouth in all three study rivers,
though at markedly*'differing rates. High rates of decrease were noted in the -
South Alligator funnel and upstream segments, bracketing particularly low
rates in the sinuous/cuspate reach. In contrast, the highest rate of decrease
in cross-sectional area in the Daly occur in the sinuous/cuspate reach, with a
high rate of decrease in the funnel and a low rate of decrease in the _; '
upstream segment. A uniformly low rate of .decrease' was noted V thy ...V '
Adelaide river. ' . , \ ''
*
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(viii) Various measures of channel asymmetry all indicate that the
Adelaide river.has the most regular u-shaped cross-sections of the three
study rivers. Relatively low measures of asymmetry were also detected in the
sinuous segment of the South Alligator river and in the upstream segment of
the Daly river. -
(ix) Analysis of historic rates of channel migration indicate that the
Daly river channel is highly mobile in the sinuous and cuspate reaches,
illustrated by maximum migration rates exceeding 60 m/yn. The extensive
scroll plain of the Daly river indicates that the river has been highly active
throughout the Holocene. Much lower rates of channel movement were
measured in the South Alligator river. Paleoqhannel dimensions indicate
that the present -sinuous/cuspate reach of the South Alligator river is much
wider and has a lower sinuosity than, the 'river which existed around 1000 to
5000 years ago. Both historic and paleochannel evidence indicate that the
Adelaide river has shifted little over the past two thousand years. This
stability has been attributed to the, fact that the river appears to be locked
within the train of an inherited channel which formed during the
Pleistocene. This finding supports the various morphometric indicators of
fluvial form in the Adelaide river.. The Adelaide river has meander amplitude
and radius of curvature relations to channel width that arc similar to the
«
relations noted for fluvial systems. The low values of channel asymmetry
and cross-sectional roughness", as well as the relatively low cross-sectional
area" tapering rates noted in the Adelaide, also support the argument that the
river is entrenched within an inherited fluvial channel.
In the following chapter, the hydrodynamic behaviours of the three ^
** „ . i
study rivers are described.
I
- * l
CHAPTER FIVE
TIDAL HYDRODYNAMICS
5.1 INTRODUCTION
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This chapter summarizes the wet and dry season hydrodynamic
behaviour of the South Alligator, Daly and Adelaide rivers with a view to
*
demonstrating that the rivers have markedly differing hydrodynamic
characteristics. It will be shown that distinctive combinations of dry season
tidal behaviour and wet season runoff volumes create variable
hydrodynamic regimes in each of the rivers. The purpose in defining these
differences is to illustrate that the manner in which tides are modified in the
estuaries, both during their passage upstream and by wet season fluvial
inputs, has an important bearing on material transport and channel
formation processes. ' -
The task of characterizing the hydrodynamic behaviour of the study
river systems posed three principal problems. First,, the sheer size of the
systems being tackled presented a major difficulty, each river being
approximately 100 km long with an average width of 300 m. As a key
objective of the study is to examine variation in hydrodynamic process along
and between the rivers,, the entire river lengths needed to be covered. In
addition, the Daly and South Alligator rivers were separated by a distance of
around 300 km, with the Adelaide river lying between the two. Secondly, the
highly dynamic nature of the tides and associated currents in the rivers
means that, the time scales of change in hydrodynamfc processes are short.
Large variations in water elevation and current speed occur through and
between tidal cycles. Thirdly, the fact that the hydrodynamic behaviour of
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the rivers is modulated'during the wet season by basin runoff from highly
variable monsoon rains, introduced the problem of representing wet season
Hoods of varying frequencies and magnitudes.
Recognizing the above problems, the methodology for characterizing
the hydrodynamic behaviour of the rivers had to be (0 capable of covering
large spatial scales, (ii) able to measure processes with very short time scales
of change, and (iii) able to represent wet season Hoods of varied frequencies
and magnitudes. These preconditions had to be satisfied with limited
t
equipment and manpower, and within a reasonable time period. The
requirement to account for broad spatial variation in hydrodynamic process
was frustrated by the need to represent wide temporal variations as well. The
use of recording tide gauges throughout the rivers enabled spatial and
c '
temporal variations in.tide height to be resolved simply, but real problems
existed in measuring current velocities. It was not possible to measure
current speeds in several places at the same time, nor was it feasible to
characterize many sites over the broad range of hydrodynamic conditions
experienced in the rivers. Wei season fluvial inputs to the Daly river have
been described by Chappell and Bardsley (1985). but there were no
opportunities to make observations of the interactions between tides and
fluvial inputs in any of the rivers as part of this study.
The fundamental problems of inadequate spatial and temporal coverage
of current velocity flata,-and the lack of wet season hydrodynamic data, were
overcome by the application of numerical modelling techniques. Sufficient
dry season field data were collected to calibrate a one-dimensional tide model
which was then used to simulate spitWlnd temporal variations in
hydrodynamic behaviour along and between the rivers. While the wet
season hydrology of the Daly river has been well documented (Chappell and
Bardsley. 1985). virtually no data exist on wet season runoff from the South
.i
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A,.igator and Adelaide riv.r basins. It
 was shown in
avenue for estimating the frequency and magnitude of wet season floods
from the ungauged basins remains in translating Daly river results to the
other rivers, using scaling techniques proposed by Woodroffe et al. (1986)
which account for differences in catchment size and geometry/Using best
estimates of wet season fluvial contributions of given frequencies, the -
interactions between tides and wet season floods art simulated using the tide
jnodel. ' Modelling results are used in Chapter Six tb estimate rates of sediment.
/
transport in the rivers, and in Chapter Seven to interpret channel formation
processes.
The present chapter is organized into six principal pans. Methods of
i
field data collection and^analysis are detailed in Section' 5.2. A summary of
field observations of dry season iidal dynamics in the three rivers is
i
presented in Section 5.3. The need for a tide model and the choice of model is
addressed in Section 5.4. The calibration and performance of the model is
described in Section 5.5. and in Section 5.6, the model is applied to simulate
the hydrodynamic behaviour of the rivers for varying dry and wet season
conditions. Finally, in Section 5.7, the key findings of the hydrodynamics
component of the study arc summarized and discussed.
n
?«
5.2 FELD AND ANALYTICAL METHODS
Field measurements undertaken in the hydrodynamics component of
this study included surveys of (i) tidal behaviour along the'rivers, (ii)
vertical velocity profiles at fixed stations through tidal cycles, and -(iii) near-
surface current velocities across channel sections through tidal cycles.
These data are used to calibrate the' one-dimensional tide model.
^
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Tide height mea«.irffmt.nt3
Each of the study rivers has a fixed recording tide gauge, monitored by
the Northern Territory Water Division. Three portable electronic Wording
tide gauges were constructed and installed in each of the rivers,, in turn, to
permit simultaneous measurement of tide height at four stations along each
of the rivers.
/
The portable tide gauges consisted of a custom-made HAILS & ROGERS
f
strain-gauge pressure transducer linked to a single channel RUSTRAK paper
chart recorder. Later in the project, larger YEW 3057 paper chart recorders
were 'used to improve data resolution. As the time bases of the RUSTRAK
recorders, were unreliable, a quartz clock was attached to each of the units.
These ctbcks had a small magnet fitted to the minute hand which closed a
reed switch every hour. Closure of the reed switch shut the recording circuit
for a short period, causing the recorder stylus to revert to zero and leave a
tick-m^rk on the chart base line. The pressure transducer transmitted a
frequency-modulated signal which was converted by a receiver unit into an
analogue voltage which was then recorded. The receivers and recorders
were housed in waterproof containers and powered by pairs of 12 volt deep-
cycling marine batteries capable of providing a month of continuous
recording. The instrument housing and power supply were placed in the
canopy of riparian mangrove vegetation, well above the high water spring
(HWS) tide level. The transducers were fixed to iron "star pickets" which
were driven into the channel bed below the low water spring (LWS) tide
level. All three portable tide gauges were calibrated prior, to, and during,
deployment in the field using the method of Nielsen and Cowe.l (1981)., This
technique entails sealing the transducer orifice with a small, waterfi.led
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reservoir connected to a watered plastic tube which could be raised or
lowered to desired levels to produce a hydraulic pressure head.
All of the gauge sites on the South Alligator river could be surveyed into
the AHD as a large number of benchmarks had recently been established
the floodplain by the Australian Survey Office (ASO). While the datum-
related level of the Water Division gauges was known in the Daly and*
i v ;V
Adelaide rivers, the relation between-the portable gauge daturas and AHD
these rivers was inferred using elevations specified for the generalized
floodplain surface (see Chappcll et al., in press). The accuracy of this
inference for the Daly river is not known, though it is likely to be acceptable
as 'the level of the generalized floodplain surface is derived from known
elevations for a large number of plains flood recorders established by the
Water Division (see Chappell and Bards ley, 1985). It is acknowledged that the
height estimates for the generalized floodplain surface for the Adelaide river
are) tffude due^to-^a paucity of survey information along this river, though the
gradient of the Adelaide floodplain is so low that the scope for error is
m i n i m a l .
Tide . monitoring stations were located at roughly equidistant points
along the rivers. River bends were avoided as gauge sites in order to avoid
potential problems of water surface super-elevation. The average length of
record for each station was approximately three weeks. The locations of the
\ «
tide gauging stations are shown in Figures 1.2. 1.3 and 1.4. and the periods of
record coverage' for each of these are summarized in Table 5.1. All of the tide
heigh't measurements were made during the dry season with the exception of
a two week monitoring period on the'South Alligator river in the middle of
the 1986 wet seaso*. Unfortunately, fluvial inflow into the rivers was
minima, during this time, so the tidal behaviour was in no way modified.
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Considerable tim* was spent installing and servicing the rather ad-hoc
onstructions under harsh Held conditions. Major breakdown, ,B thc systcm
xcurred regularly a* a result of severed cables whfch led to short circuits in
he instrumentation. Floating debris frequently knocked down transducer
/
poles. Recorder paper jams and corrosion of cable joints were other
problems frequency encountered in thc operation of these gauges. The
remoteness of most of the gauge sites made it impractical to vjsit more often
•
than weekly, so problems typical'ly went undetected for considerable lengths
of time.
STATION DISTANCE
(km)
START
(time, date)
»
South Al l igator river
Brooks Creek
"
North Point
M u n m a r l a r y
••
Rookery Point
Cuspate
r
B r i d g e
Daly river
Palmerston Island
New Island
Moon Billabong
W o o l i a n a
A d e l a i d e r iver
Broad Reach
Big Bend
Rice Landing
B r i d g e
Table 5.1: Locations
Some of these records
way also monitored at
\
.
5.5
M
22.0
•37.25
n
50.0
61.75
ti
79.0
6.0
33.0
58.5
93.0
ii '
•« *
5.5
29.75
71.0
90.75 -
• — •—
1100, 12/07/85
1300. 22/02/86
1600. 06/09/86
1000, 10/07/85
, 1400, 22/02/86
1700, 05/09/86
1200, 07/07/85
0900. 22/02/86
0000. 01/01/80
1200, 15/08/86
1500, 16/08/86
0000, 01/01/80
1300, 14/08/86
2000, 30/09/86(
1400. 31/08/85
1600. 27/08/85
1300, 13/09/85
0000, 01/01/80
__
of tide gauge stations and periods
are incomplete due to equipment
various other sites for periods of
. , •
FINISH J
(time, date)' , '' \
\ 5
v • f
. - A
. • 'I2000, 03/08/85 t j
0800. 05/03/86 *f
1100, 20/09/86 l\
1400, 14/08/85 1-
1400. 04/03/86 I
0100. 14/09/86 ?
0400. 08/08/85 ...
1030. 04/03/86
0000, 01/01/87 ' I
*
0800, 09/09/86 I
0600. 27/08/86- - j
0000. 01/01/87 ;
1100. 01/09/86
. 1300. 08/10/86
 ; 1
1000. 19/09/85^ <1|
1500. 19/09/85 I 1
1700. 04/10/85 il
0000, 01/01/87 - , I I
• II
of record coverage. , tl
failures. Tide height ^\ m
up to 24 hours. Ii fl
111f •
• !Mt
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Upon returning from the fic.d, portable tide gauge data were extracted
rom the paper charts either manually using a - scale rule or automatically'by
ligitizing the tide curve. A program was written for this purpose using a
TEKTRONIX 4051 graphics computer and 4956 digitizing tablet. Northern
Territory Water Division gauge data collected prior to 1985 were stored on
f
magnetic tape and were accessed using the ANU VAX 8700 computer, while
the more recent records had to be extracted directly from the charts.
5-2.2 Current velocity
As no self-supporting recording current meters were available for this
study, all current velocity measurements had to be made from boats which
were anchored or tied to moorings. Standard procedure for measuring flow
through channel cross-sections entails determination of current velocity at
mult iple points through several verticals spaced equidistantly across the
channel (British 'Standards Institution, 1964). This procedure proved
impractical to apply in the wide study rivers because the time required to
complete a set of measurements through a vertical at any one site, raise
. anchor, move to another site, then re-anchor and redeploy 'the meters, •
greatly exceeded the time scale of change in tidal elevation and current
velocity. Keeping in mind that the primary purpose of the flow metering
surveys was to determine temporal variation in mean How velocity within -J
several channel sections to calibrate the tide model used, a variety of ^
s.mplifying strategies for measuring currents was considered. Before
describing these, it must be stated that in the wide, meandering tidal rivers
under consideration in this study, most variation in current velocity occurs
in the horizontal dimension, rather than through the
this point.,Table 5.2 compires the coefficient of variatfon in
i
•;
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at selected times through matched
.ring tide cycles at
 ta 58 in the South AUigator river cuspat, segment.
hese data demonstrate that mot variation in current speed occurred
he channel section, suggesting that the current metering across the
hannel is preferable to vertical profiling at a single site.
TIME
(hours)
- 4.0
- 3.0
- 2.0
- 1.0
1.0
2.0
3.0
4.0
5.0
CVV
10.95
11.74
8.74
6.64
16.57
9.41
10.95
37.35
33.78
CVC
32.15
56.92
23.72
38.42
44.10
33.63
39.64
27.06
52.14
Table 5.2: Coefficients of variation in current velocity through the vertical
profile at a fixed station (CVV) and at Old for four stations spaced across-the
channel (CV C ) , South Alligator river cuspate segment, km 58. The coefficient
of variation was obtained by converting the standard -deviation of the data set
to a' percentage of the mean (Hammond and McCullagh, 1978). Times shown
are in hours relative to the time at HW. Data are for matched spring tides,
where CV V data pertain to a survey on 2/8/85, while the CVC data relate, to a
survey on 8/9/86.
•• j
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Several simplifying techniques have been prescribed to estimate mean
veloci ty through vertical profiles using
 tone or two point measurements (see.
for example. Table 7.1 in Dackombe and Gardiner. 1983). Examples include
the average of measurements taken at 0.8d and 0:2d or a single measurement
at 0.6d, whe* the factor n(d) relates to the fraction of depth below the water
surface. These prescriptions assume that 'the flow throughout the vertical
accords with the universal model of logarithmic velocity distribution.
According to Schlichting (1968), the logarithmic law of the wall describing
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profile of
 currem velod,ies ^  a hy(lrodyiianiica|ly rough
oundary may be written as
'•'*• •
"z- I/KU. [ln(*/D65) + 8.5] ... (5.1}
.here u^ is the velocity at height
 2 above the bed, K is the vo« Karman
constant equal to 0.4. u, is the shear velocity and D65 is the. equivalent sand
roughness. In its simplest form, the shear velocity (u.) is defined as
u* = (gds)0-5 (52)
where g is acceleration due to gravity, d is the hydraulic mean depth
(equivalent to the hydraulic radius (Hr) in wide channels) and s is the bed or
energy slope. Where the law of the wall is valid, the mean velocity through
the vertical is found at roughly 0.6d. Stcrnberg (1968) found this velocity
pattern to be valid in 85% of the vertical profiles sampled in tidal channels
with a wide rangCMjfhpd roughness factors. Richards (1982) points out that
equation 5.1 is derived from experimental studies o( flow in open pipes lined
with sand to create rigid boundaries with artificial roughness and that the
application of the theory to flow in natural systems is constrained by a
number of factors. Firstly, the sand roughness term (D65) becomes less
relevant in the presence of bedforms. Secondly, the theory assumes that
total shear stress is .equivalent to shear at the bed. but this assumption does
not hold for the entire profile. Thirdly, sediment suspension in the flow
translates the von Karman constant (K) into a variable, in effect reducing
this value and thus steepening the velocity gradient (Vanoni and Nomicos. 1960).
To cope with the large spatial and temporal variability in tidal current
velocity throughout the study rivers, two separate approaches were used to
measure current velocities. Type A current measurements invoh
determination of current velocity through the vertical profile at
stations throughout full tidal cycles. Using this method, spatial resolution in
the data was sacrificed, but a detailed picture qf flow structure in the vertical
?l,
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tension with good, temporal resolution w* obtained. The understanding of
.-nical flow structure gained from the Type A data was used to justify the
doption of Type B current measurements, which entailed determination 'of '
,car surface current velocities at several stations across the river channel '
hroughout full tidal cycles. Figure-5.1 shows the hourly change in structure
,f the vertical velocity profile in'the mam channel at km 58 in the South
Alligator river through neap and. near spring tide cycles. ' These results show
that the shape of the vertical profile remains similar under a wide variety of
conditions and that the distribution of velocities through the vertical
roughly accords with the classical logarithmic profile predicted using the
/aw of the wall. *
To examine the validity of the logarithmic distribution in the South
1
 • »•
Alligator river, the profiles depicted in Figure 5.1 and other profiles
measured at km 58 were analysed in more detail. Current velocity at 0.6d is
t
plotted against mean velocity in Figure 5.2a and indicates that while there is
a strong association between the two quantities, velocity at 0.6d is
significantly greater than the mean value for the vertical. Nevertheless, the
data show that the correlation is good. In Figure 5.2b. mean velocity is
plotted against velocity near the surface at 0.2d and while indicating slightly
less co'variance. Uic relationship between the two quantities is still very
good. Given the comparative ease and speed of making measurements at 0.2d
and the sound relationship denoted between this quantity ;md in** velocity.
a was decided to adopt this statcgy for simplifying current velocity
measurement in the rivers. The slope of the regression equation shown in
Figure 5.2b was used to derive cross-sectional mean velocity from
measurements taken at 0.2d. It is acknowledged that the coefficient used to
convert u0.2 to u. should vary from site to site according to local bedform
characteristics. The appHcabrlity of a genera, coefficient of 0.8'was tested
fi
2 /8 /85
2 4 6 8
t (hr«)
a.
'2 /
159
10
E
•D
. 6
10/8/85
0 2 4 6 8 10 12
t (tut)
E
•o
1-1 • t-2
1m/a
1.3 U4 t.s • i.< ; 1.7 b.
E
•D
u (mtt)
e.
I
E
•Q
t.S , t.tO l.tl 1.12
u (m/i)
C.
E
T3
1.7 • 1.9 1.10 1.12
f .
u (m/f)
5,:
the
. d/dmox - fiacao*
surface, u = current velocity.
Vertical velocity
velocity profiles during the
tide on 13/8/85. (e.) Vertical «tide  / / . (e.) ertic l velocity proies
13W85 (f) Vertical verity profiles during tne JIQQ r
y ^* for a spring tide at 2/8/55, (b.)
"
 nn 2/8/85 (c ) Vertical
?£?¥&*,*£ a neap
the ebb phase on
.
,.f>. : *
160
^*
13
1.0
o.s
0.0
U • 0.003 * 0.88 u 9 O.M B*2 - 0.94
0.0 0.5. 1.0
u 9 0.6d (m/i)
a
1.5
_£
13
u - - 0.02 + 0.79 u 9 0.2d R*2 - 0.93
u 9 0.2d (m/i)
. 5.2- 'Relationship between mean current velocity (u) and current
••locity at Otd 'and 0.24. as determined for 36 vertical profiles from various
its in the South Alligator river, (a.) Mean current velocity versus current
•locity at 0 6d (b.) Mean current velocity versus current velocity at 0.2d. i
'ror bars denote 10% error limits for x-axis data.
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. ,r several spring and neap tide profiles
-,d Bridge stations on the South Alligator river and was found to be'
-cnerally robust. As no vertical velocity data were gathered from 'the other
• - v e r s , the accuracy of the near surface measurement approach remains
untested anywhere other than in the South Alligator.
> . The How meters used for Type A current measurements we* a
f bidirectional, ducted impeller type, custom manufactured by HAILS &
ROGERS. The linearity and frequency response characteristics of these units
have been thoroughly described by Nielsen and Cowell (1981). The sensors
emit a digital pulse which is converted by a receiver unit into an analogue
• voltage. This output was recorde'd on a large four-channel, flat-bed
' Mb J 4
RIKADENKI paper chart recorder (see Plate 5.1). The entire system was
powered by a. 240 volt HONDA generator*1 which was operated aboard the boat.
Art .array of four ducted flow meters was suspended from an overhanging
• i^ ^ ' *
dav^t on/'the 8 m'SHARKCAT vessel and was raised and lowered using jn
« i
electric winch (see Plate "5.2). The meters were attached to 10 mm diameter
iieel cfcble and fitted with: large tail-fins 'to ensure proper directionality. To
Overcome current drift in the.system, an \80jykg steel weight was 'attached to
'the end of the : cable. Each j^eter could be independently"* adjusted along the
* *,
suspending cable to actount for the rapid changesJn tide height, though the
Xal practice was to. keep the four meters in the array closely spaced -and,
instead, move the entire array up and. downx through the profile. Profiles
were\al?en every ' 30 mins throughout 'fu,lI tidal' cycles ,during spring and
neap tides, at four station* along the South Alligator river. Some vertical
profile measurements were also'made in the Adelaide and Daly rivers for '
'spring, tides but these data are incomplete due to Equipment malfunctions.
r. , A _.'•' . , r Hi^ifized'using a TEKTRONIX 4051 graphics computer? Chan records were later digmzea using »
- ' « ' * ' . - , -
:
 /
and '4956 digitizing tablet! ' - ° •
. !i
'• i'J
:J
a» ...
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' In measuring cross-sectional variation In current velocity,'up'to six
.,oy, at a .tkne were anchored to the river bed and were used as station
,rker, Working from a small aluminium dinghy, these stations were
sued every 15 to 30 mins throughout full tidal cycles. Instantaneous
:,ncnt velocity at 0.2d was measured at each station usmg a hand held OTT
jrrent meter fitted. wit* a suspension bar and brace.
All current meters were calibrated prior to deployment in the field
sing, the Hume of the Department of Civil Engineering, Australian-,Defence
Force Academy (Canberra). Ortce during the course of the field program, the
meter calibrations were rechecked using the flume in the Fluid Mechanics
Laboratory, of the Darwin Institute of Technology.
» *. •»•
5.3 OBSERVATIONS OF TIDAL BEHAVIOUR . -
-* • «
5.3.1 Int roduct ion
.Tides in the study, rivers possess characteristics of both progressive and
standing wave models. Standing wave tidal attributes, include a roughly 90°
• phase difference between tide 'height and current velocity. Near zerd
current velocity therefore coincides with the occur/ence of high and -low
vater level. The river tides also partly resemble progressive waves in that
nere is a phase progression in tide height'" along the length -of the rivers
::e, there is a time lag between the occurrence of high water at the' mouth
'nd at some,point upstream). Tides in the rivers -are semi-diSL.' throughout
he year, having a tidal period "(T). of approximately 12.4 hours.
The vertical range and shape of.the average tidal hemicycle is similar at
,h u
 f X nf thi- <tadv rivers.' These driving tides are variously/,the mouthy of eacli of tne stuay rive™.
„ Hv-r due to the relative effects of> frictional 'distorted during passage up. river aue w w&
Ms
a
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Plate 5.1: RIKA.DENKI flat-bed chart recorder used to record vertical current
velocity profiles measured using the ducted flow meter array. Other
instrumentation shown are flow meter receiver boxes (left f r o n t ) ,
salinometer {left rear) and echo sounder (right).
Plate 5 2 HAILS & ROGERS ducted flow meter attached to motor-driven winch
cable on-boafd SHARKCAT vessel. An 80^ kg steel weight was fitted to the end
of the winch • cable to reduce streaming •ip the swift tidal currents Note
direction fin fitted to flow meter. «
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lamping, boundary reflection anH .„.y cuccuon and energy concentration related to decrease
a channel cross-sectiona. area, !„
 this rcgard> thcre b an .^ ^ ^
between channel morphometry and hydrodynamic process. Tides in these
,vers are also variously distorted by over-riding fluvial discharges during
ae wet season, so basin hydrologic characteristics also assume importance.
V summary of selected dry season tid*l parameters for the three rivers' is
:,ven in Table 5.3 and forms the basis of the following description of the tidal
d y n a m i c s . ;i
5.3.2 Tidal wave propagation
Spring tide crestal celerities (c) for four segments in each of the study
rivers are given in Table 5.3. Highest values of spring tide c occurred in the
South Alligator river (13.57 m/s). Through the sinuous and cuspate '
segments, c values of S. 16 and 7.57 m/s respectively were measirifed. Mean
travel time for the tide crest between the mouth and Bridge Illation (79 km)
was 127 mins. In the Daly river, spring tide c values were both lower and
more attenuated with distance from the mouth. A mean c value of 8.04 m/s
was measured in the estuarine funnel and part of the sinuous segment,
though celerities were drastically damped upstream of New Island station (33
•-m). Mean celerities of 4.52. and 3.66 m/s were recorded through the
•criodically cuspate and upstream segments respectively. Mean.travel time
or the tide crest between the mouth and wUina station (93 km) was 307
5. Spring tide crestal cecities in the Adelaide river were relatively
reaches of the Daly and were considerably more
were' 6.97, 5.64 %nfl 4.01 m/s. Mean
uns.
igher than in the upper
:gular. Mean values of c along the river
travel time for the tide crest between the mouth and Bridge station (90.75 km)
if
M
was 262 mins. .
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Figure 5.3 shows observed lags for. the occurrence of HWSL (+/- 2 days)
.v.th respect to the mouth-along each of the rivers. In each case, tidal
clerity decreases logarithmically with distance from the mouth, but the rate
if decrease differs markealy between rivers. With recourse to the fitted .
,-quations provided in Figure 5.3. the time needed for ihe'crest of the mean
spring tidal wave to approach the tidal limit may be estimated for each river.
Estimated mouth-to-tide limit transit times for the HW crest in the South
Alligator, Daly and Adelaide rivers are 197. 398 and 413 mins respectively.
These estimates imply overall mean crestal celerities of 8.71. 4.52 and 5.24 m/s
r e s p e c t i v e l y .
Ippen (1966) suites that the speed or celerity of a tidal wave (c) in deep
water may be estimated as
c = (gh)°-5 ... (5.3)
where % is the acceleration due to gravity and h is the mean water depth. In
\
*
cases where tidal amplitude (a) approaches h, however, Komar (1976.)
suggests that
c = (1 + 1.5a/h) * fgh)0-5 ' ' -...(5.4)
indica t ing that celerity increases as the the ratio between amplitude and depth
decreases. In Table 5.4, tidal celerities are estimated for various segments in
each of the study rivers, using equations (5.3) and (5.4), and are compared
t
against field observations. These data apply to mean spring tides; the input
values used for the celerity estimates are shown. ^ The estimates compare rather
poorly with the. field observations. Estimates based on the Ippen equation
asual ly exceed pbserved values slightly, while those based on the Komar
equation greatly exceed observations. Both equations. would be expected to
overestimate c as they neglect friction and reflection effects which are
s igni f ican t in strongly convergent estuaries. ' f •
i f l
.
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rigure 5.3: Observed lags (I) for the occurrence of HW along the a.) South
\lligator (b) Daly, and (c.) Adelaide rivers; Lags are relative to the time of
Hw'at the river mouths. Data pertain touring tides ±2 days. Dashed Une is - .
'i tied by eye.
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^EGMENT
S o u t h All igator rivqr
Brooks Creek -' Munmarlary
Munmarlary - tuspate
Cuspate - Bridge
Bridge - Tidal Limit
Dalv river
Palmerston Island - New Island
New Island - Moon BiJIabong
Moon Billabong - Wooliana
Wooliana - Tidal Limit
Adelaide river
Broad Reach - Big Bend
Big Bend - Rice Landing
Rice Landing - Bridge
Bridge - Tidal Limit
dav
- (m)
-
10.35
9.24
6.68
5.50
4.95
4.17
3.46
3.15
8.80
11.01
9.36
5.77
a
(m)
2.9
2.8
2.8
2.0
3.0
2.3
1.3
0.5
1.7
1.6
1.5
0.7
h
(m)
•
7.45
6.44
3.88
3.50
•
1.95
1.87
2.16
2.65
7.10
9.41
7.86
5.07
co
(m/s)
13.57
8.16
7.57
5.71
8.04
4.52
3.66
2.75
6.97
5.64
4.01
4.33
\ __
(m/s)
8.54
7.94
6.16
5.86
4.37
4.28
4.60
5.09
8.34
9.60
8.78
7.05
*
(m/s> ;
•. '-.:.
13.52 ' '•}
13.12 - : •
12.82 <}
10.88 _:
•- ,•*•;.
14.45 ' '
12.17 ; :
8.75 J ..'
6.53 J
<i
11.33 T
12.0411.29 .;-..
8.51
' *:,
Table 5.4: Observed and predicted spring tide crestal celerities for various
segments of the South Alligator, Daly and Adelaide rivers. c0 denotes field
observations. Cj and Cfc denote predictions using equations (5.3) and (5.4)
respectively. Also shown are mean channel 'depth at HWSL (dav), mean
spring tidal amplitude (a) and mean water depth (h), defined as dav - a.
Ippen -and Harleman (1966) state that tidal wave reflection is important
in estuaries when
mL»l
where m is the width tapering coefficient, defined as- the dimensional . .
equivalent of the exponent b in equation (4.2) and L is the tidal wavelength,
given by
= cT
For T = 12.4 hours and substituting c = 8.7J/A52 ** 5'24 "* for ^  S°Uth
Alligator. Daly and Adel?ide rivers re.petUvcly. we obtain tidal .wavelength
estimates of 388^8. 20*1.7 and 233.9 to*, ^suiting in tidal wavelength to river
' '
•.r .4
,ngth (L/x) ratios of 3.77, 1.87 and 1.80. Values of
 m for thc full Ienglhs of
,e South Alligator, Daly and Adelaide rivers arc 0.00034,' 0.00059 and 0.00021.
ipcctively. Substituting these values' with the L estimates above give
• r o x i o u H . l v ' ^ i n d i c a t i n g that in each of thc rivers
CI$!>' .
CS
play a role in modifying, the tidal wave as it
b
The amoifl^^o'f a tidal wave progressing up an estuary may be
modified in^i^eral ways. If banks of thc river are convergent, as in a
funnj&r shaped estuary, amplitude tends to increase. However, since the
length of thc tidal wfcr is typically less than that of the tidal wavelength,
comintroqj|B;efle«tion of energy from the sides of the river tends to decrease
wave amplitude. Furthermore, boundary friction also dissipates tidal energy
to dampen tidal amplitude.
The maximum vertical range in tide height noted at thc mouth of the
South Alligator river is 5.8 m. Comparative values for Munmarlary, Cuspate ,
and Bridge stations arc 5.6, 4.9 and 5.0 m respectively, indicating that there is
only minor attefiuation of tidal amplitude with distance from the sea over
most of the river. Tidal range is similar at thc mouth of the Daly river, where
a value of 6.0 m was recorded. At New Island station (km 33), the maximum
observed range is 5.| m, but there is a rapid decrease in range upstream of
ih.s point. Comparative ranges at Moon Billabong and.Wooliana stations are
3.30 and f.95 m .respectively. The" Adelaide river mouth has a much lower
tidal range; the range at Broad reach (km 6) is only 3.5 m. This low value is '
attributable to . narrow bedrock constriction in the channel just insid^'the
mouth of the river around km 4 (see Figure 1.4). Referred to as the narrow,
m
» t;ffi
'
I
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.hi. structural control strongly dampens the larger tides of Port Daly. Tida,
amplitude is remarkably conserved'during passage of the t ida l 'wave
upstream of the narrows. Spring ranges noted at Big Bend. Rice Landing and
Bridge Stations are 3.3, 3.0 and S.2 m respectively.
53
-
4
 Durations Of ebb and tide
Ideal sinusoidal tidal waves, suc.h as in the open ocean, arc described by
the relationship,
h = a cos(ot-Kx) ... (5.6)
where h is mean water level, a is tidal wave amplitude, t is time and x is
distance (Ippen and Harleman, 1966). Radial frequency of the tide (a) is
given by 2n/T, where T is the tidal period and the wave number (K) is
defined as 2rc/L, where L is the tidal wavelength. Wright et al. (1973)
however, point out that in long estuaries with high ammplitude to depth
ratios, friction produces an asymmetrical tide wave with a shortened flood
hemicycle and an extended ebb. This produces a corresponding asymmetry
in current velocities whereby flood currents appreciably exceed those of the
ebb. Such distortion! have been reported widely in large shallow estuaries
(Wright and Thorn. 1978; Aubrey, 1986; Dronkers, 1986; Friedrichs and
Aubrey, 1988).
Table 5.3 indicates that the tides at the mouth of all three stu<% rivers
*
are moderately asymmetric with spring tide ebb and flood durations of
appioximately 415 and 320 mins and neap tide ebb and flood durations of 410
and 325 mins. The spring tide duration .asymmetry ratio (ebb duration/flood
<»
duration) for spring tides (SDAI)-at 'the mouths of the rivers is about 1.30.
while the comparative value for neap rides (NDAI) is 1.26. While, tide, shape is
similar at the mouths'of each of the rivers, the .respective tide waves are
171
mostvariously ..modified during transit upstream, the modification 'being
pronounced during spring tides. .
During spring tides in the South Alligator river, tidal asymmetry
mcreases only marginally in the estuarine funnel, but substantially so.
upstream of Munmarlary station. The .SDAI at Bridge station is a relatively
high 2,10. Tidal asymmetry is extremely pronounced in the shallow Daly
nver during spring tides. At New Island station (only 33 km upstream), the
ebb tide cycle duration exceeds that of the flood by a factor of 2.60.
Asymmetry increases rapidly with distance upstream so that at Moon
•Billabong and Wooliana stations, the respective SDAI value* are 3.65 and 4.18.
During these highly asymmetric spring tides in the Daly river, tidal bores
form around the 20 km mark and travel beyond Wooliana with an average
height of approximately 0.4 m. Tidal asymmetry is much less pronounced in
the deeper Adelaide river where at Bridge station (km 90.75), the SDAI value
is only 1.39.
Tidal hemicycle duration asymmetry is much less pronounced in all .
three rivers during neap tides. The NDAI value of 1.26 which occurs at the
mouth of each of the rivers is modified to values of 1.73 at the South Alligator
bridge. 1.81 at Moon Billabong on the Daly and 1.24 at the Adelaide river
b r i d g e .
!
" \
II J
. |:4.i
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5.3.5 Relationships tidaj and current vflOCItY
Figures 5.4. 5.5 and 5.6 depict .spring 'tide stage-current velocity
relationships for selected stations from the South Alligator, Daly and Adelaide
rivers respectively. The 'velocities shown are corrected mean values for
nver cross-sections, based upon 0.2d measurements at between five and six
stations, spaced equally across the channel. While the data shown are
172
for different tides, they do serve to illustrate some important gen'eral
characteristics of tidal currents in the rivers.
Near the mouths of each of fhc rivers, where tides display only
marginal ebb/flood duration asymmetry, current velocity patterns also
approach symmetry. In the South Alligator and Daly rivers, where ebb/flood
durat ion and velocity become increasingly asymmetric with distance
upstream, with flood tides having shorter durations and higher peak
velocities. In the mid and upstream reaches of the South Alligator and Daly
rivers, flood current velocities approach 2 m/s, while ebb current velocities
rarely exceed 1 m/s. As tides are relatively symmetrical throughout the
Adelaide river, patterns of mean ebb and flood velocity are similar. Current
velocities shown in Figures 5.4, 5.5 and 5.6 are based upon 20-30 mins
sampling intervals, so phase lags between tidal stage and current reversal
are not precisely determined, though current reversal typically occurs
!
between 10-30 mins after stage reversal.
1
13
<
UPPER CUSPATE 27/9/83
173.-
-2
- •:* I
r
.J;. Observed relationships between tidal stage and mean current
velocity (u) during spring tides at various points along the South' Alligator
river. Data shown relate to stations at (a.) North Point, km 22, (b.) Upper
Cuspate, km 68, and (c.) Nourlangie. km 88. Stage shown as solid line, current
shown as dashed line.
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igure 55-' Observed relationships between tidal-stage and mean iurrent
docity (u) during spring tides at various points along the Daly river. \ Data
•ho»n relate to st&oiis at (a.) Ralphs Bend, km U, (b.) Alligator Point, ,km ^
'8. and (c.) Wooliana, km 93. Stage shown as solid line; current velocity
as dashed line. . • . • ' . ' •
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Figure 5.6: Observed relationships between tidal stage and mean current
velocity (u) during spring tides at various points along the Adelaide river.
Data 'shown relate to stations at (a.) Broad Reach, km 6, and (b.) Rice Landing,
km 71. Stage shown as solid line, current velocity shown as dashed line.
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5.4 TIDE MODELLING
AI The need for
 fl tjl1r
Gathering hydrodynamic data in the large, highly dynamic estuarine
systems of Northern Australia proved to be a difficult and costly task. For
this reason, it is not surprising that data: presented in this work and by. the
Tidal Rivers and Mangroves project in assorted publications (Chappell and -
Woodroffe, 1985; Chappcll and Bardsley, 1985; Woodroffe et al., 1986; Chappell
et al.. in press), represent the' first concerted efforts to characterize the
hydrodynamic behaviour of north Australian macrotidal river systems.
While the data collected during the field survey in the present study have
provided good first order approximations of tidal behaviour, it is still limited
by spatial and temporal constraints. Many of the data are patchy due to
equipment malfunctions' and tidal behaviour between the widely spaced
gauging stations has not been accounted for. Although some records are as
long as four weeks, others are only eight days long. Moreover, no detailed
observatipns were made of tidal modification by wet season fluvial floods,
which is one of the major shortcomings of the' field data compiled in the
" /
present work. These limitations emphasize the need for a model to simulate
•« *
tidal behaviour in the rivers, to extrapolate beyond the observed data.
Woodroffe et al. (1986) used an explicit linear tide model to simulate tidal
behaviour in the South Alligator river. Using theory set out by Ippen and.
*Harleman (1966), they employed the harmonic method for damped co-
oscillating tides in long convergent estuaries, assuming constant depth (see
Woodroffe et al., 1986 - Appendix A2).' The model ^ calibrated by adjusting
single values of two empirically derived friction-related parameters
I
*
«il<» the model able first
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order estimates of tidal stage and discharge along nhe length of the river, its
utility was constrained by the fact that it could not predict ebb-flood
asymmetry of tidal^ stage, current or discharge.
It was shown in section 5.3 that tides become highly asymmetric with
distance upstream in both the South Alligator and Daly rivers. Because of the
need to account tor tidal asymmetry and its effects on flow velocity and
discharge, an appropriate non-linear tide model was sought and became
available towards the end of the Held sampling program. Known as CORAL,
the model was kindly supplied by Dr Eric Wolanski of the Australian Institute
of Marine Science, Townsville, Queensland. The version of CORAL used was a
subset of a larger model' used to simulate hydrodynamic behaviour of a multi-
branched tidal creek-mangrove swamp system (Wolanski et al., 1980), adapted
« . ,
for application to the study rivers. CORAL is written in FORTRAN and was set
up to run on the ANU VAX 8700 computer. ,
f *
5.4.2 Background to model CORAL
CORAL is a one-dimensional, fully implicit, finite difference model of
open channel flow, based on the full equations of motion. . Wolanski et al.
(1980) state that the unsteady open channel flow equations used in CORAL are
those given by Harleman (1971) for continuity and motion, where
9A/dt + dQ/3x = 0 ... (5.7)
and
8Q/3t + 3(Q2 + A)/3x + gA 3(y + z)/3x + gASf - 0 ... (5.8)
where x is distance downstream, t is time, Q is discharge, y is depth, A is cross-
sectional area, { is the acceleration due to gravity and . is.the elevation of_ :; "'..
the bottom of the stream cross-section relative to a datum. . Sf. is the factional
cnn H966): .'
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Sf * («2 |Q| QB4/3)/AlO/3 (59)
where n is the Manning roughness' coefficient and B is the wetted perimeter.
The numerical solution scheme employed in CORAL is descVibed in detail by
Wolanski « al. (1980). The model is also validated for a small tidal creek in
this paper and the authors claim that the model has performed well for
several rivers and estuaries throughout Australasia and Africa.
 4
CORAL requires four main inputs. Firstly, cross-sectional shape of the
river channel must be defined for multiple sections along each of the rivers.
Figure 5.7 illustrates how cross-sectional shape was simplified using six
dimensional criteria required by the model. The bed elevation of each
section was related to a height datum (z) to enable calculation of bed slopes.
The total number of sections used in the South Alligator. Daly and Adelaide
rivers were 37, 23 and 23 respectively. Secondly, each channel cross-section
was ascribed a Manning roughness coefficient (n). Initial n values were
arbitrarily selected, then later adjusted to fit model results to observed data.
Thirdly, a downstream tidal stage data set is required, so river mouth stage
curves derived from field observations were used for this purpose. Finally,
an upstream flow hydrograph is needed to characterize fluvial input at the
tidal limit. F6r dry season simulations, a zero upstream contribution was
assumed. Various steady rates of fluvial input were later imposed to simulate
tidal modification' by wet season floods of vary ing •• magnitudes.
Output from the model includes mean velocity, water surface slope, tidal
stage and discharge for each section. Simulations were performed for 42
hours of flow, or roughly 3.5 tidal periods, and results were output at a 0.2 hr
(12 mins)-time step. A special purpose database program (PROCESS.FOR) was
written to select specified results from the large data files output.by the
*
model. ' •
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Y 1
elevation datum
Figure 5.7: Schematization of channel crdss-section dimensional criteria
used in tide model CORAL. Solid line indicates actual channel shape, dashed
line indicates model representation of channel shape. Factors W I , W and WI,
are used to describe channel width, factors YI and Y2 are used to describe
channel depth, and factor Z is used to define elevation of bed relative 10 a
datum. Note it is assumed that the channel has infinitely high" walls.
4 a
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5.5 MODEL CALIBRATION AND EVALUATION
5-5.1 Calibrating model
CORAL was calibrated for cach'of the rivers by comparing model
estimate, against Held observations of (i) tidal amplitude, (ii) tidal phase, (iii)
tidal hemicycle durations, and (iv) current velocities. Over 25 runs were
conducted on each river to optimize the fit of the model to observed results.
As all other model input parameters were fixed. CORAL was tuned by
adjusting the Manning roughness coefficient along each gf the rivers. A
wide range of n values had to be used to fit model results to the observational
i
data. Rather than ascribe a unique n value to each channel cross-section, a
single value was used within each segment of channel bounded by stage
records. As shown in Table 5.5. the n values used -to derive the best fits of the
model to observed data ranged between 0.012 and 0.025. An n value of 0.020
was used for the uppermost reaches of the rivers where no gauging records
a ,
were available. These n values are slightly lower than those adopted by
Fread and Smith (1978) and Davidson et'-al. (1978) in one-dimensional tidal
simulations, and those determined by Knight (1981) from field measurements
«
in the mesotidal Conwy estuary in North Wales. Knight (1981) found that n
varied considerably in relation to tidal stage, ranging between 0.022 and
0.035 most of (he time, but increasing to as high as 0.120 near low water level.
As will shown below, however, the goodness of fits obtained with constant n
. values were adequate to avoid more detailed parameterization of the
roughness coefficients.
Before evaluating the performance of *e model, a brief outline of the
field data used for the assessment is warranted. Figures 5.8. 5.9 and 5.10 show
the relationship oeiWcicn ubac.
tf,
.1
"M
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South Ai i iga tn r rrrj
Mouth - Munmarlary
Munmarlary - Cuspatc
Cuspatc - Bridge
Bridge - Tidal limit
Dalv river
Mouth - New Island
New Island - Moon 'Billabong
Moon Billabong - Wooliana
Wooliana - Tidal limit
Adelaide river
Mouth - Big Bend
Big Bend - Rice Landing
Rice Landing - Bridge
Bridge - Tidal limit
0.018
0.022
0.018
0.020
0.012
0.018
0.020
0.020
0.022
0.025
0.025
0.020
Table 5.5: Manning roughness coefficients (n) used to obtain best fits of
model to observational data for various segments of the South Alligator,
Adelaide and Daly rivers.
stages for several gauging stations along the South Alligator, Daly and
Adelaide rivers respectively. The observed stages are simultaneous records
relating to the mouth tide used as the driving tide in the model. For each
station, the tidal stage comparisons are conducted over a 42 hour period,
corresponding to roughly 3.5 semi-diurnal tidal cycles, though only the final
36 hours of data are reported. Tables 5.6 and 5.7, compare observed and
predicted measures of HW wave speed and tidal hemicycle asymmetry along
each of the rivers for these same data. Figures 5.11, 5.12 and 5.13 compare
observed mean current velocity at selected cross-sections and mean velocity
of the same sections as predicted by CORAL. Two stations in each river arc
represented in the comparison but the records are not coeval. The current
velocity observations used were half-hourly sectional averages for full
spring tidal cycles (+/- 3 days), selected from those reported in Figures 5.4,
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5.5 and 5.6. To enable comparisons to be nude with the mode, predictions, the
model was run^severa, times with different driving
 tidcs to matcH predictcd
stage with observed stage for e^ch sectio*. Once reasonable agreement
between observed and predicted stage was obtained, predicted velocities were ,
compared against Held observations of current velocity. Accompanying the
locity comparisons are the relevant stage curves. As can be seen, observed
predictcd stage curves are not matched exactly, so the comparison of
observed and predicted velocities is subject to some error. Another possible
source of error in the comparison arises from the fact that the model
simplifies the shape of the channel cross-section, though care was taken to
ensure that the sections analysed were as closely matched in shape as
»
possible.
•5.5.2 Model performance for the South Alligator river
Figure 5.8 shows that correspondence betweenftobserved and predicted
tidal stage at all stations in the South Alligator river is very good, with
respect to both wave amplitude and phase. Table 5.6 shows that the observed
and predicted lag times for the occurrence of HW relative to the mouth are
%
very close for .all stations along the river
With regard to tidal hemicycle durations. Table 5.7 shows that the model
yielded asymmetry indices that were very'close to observations for all three
gauging stations. Velocities from the model were compared against
observations made at North Point (km 26) and a station at km 68 in the upper
cuspate reach on the South Alligator river. As shown in Figure 5.11, good
agreement was obtained between observed and predicted velocities at both
stations. For North Point station, the model tended to underestimate the peak
magnitude of ebb velocities, though some compensation resulted from the
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STATION
>
South Alligator river
M u n m a r l a r y
Cus'pate
Bridge
Daly river
.New Island
Moon Billabong
Wooliana
Adelaide river
Big Bend
Rice - Landing
Bridge
OBSERVED
(mins)
-
52
106
132
62
130
330 .
60-
*
260
PREDICTED
(mins)
52
- 102
136
72
134
308
41
107
143
J.<5: Comparison of observations and model predictions of spring tide
HW lags along the South Alligator, Daly and Adelaide rivers. Lags shown are
relative to the time of HW at the river mouth. * denotes insufficient data for
robust estimate.
5.5.3 Model performance for the Dalv river
The model also performed very well for the Daly river. Figure 5.9 shows
that the correspondence between predictions and observations of wave
amplitude and phase was very good, despite the fact that the driving tide was
fairly complicated in shape. Observed tidal elevations at. Moon Billabong and
\
Wooliana stations are tied, to AHD, demonstrating that the model accurately
.if
it
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STATION
OBSERVED PREDICTED
South Alligator r jv f f r
M u n m a r l a r y
Cuspate
Bridge
Daly river
New Island
Moon Billabong
Wool iana
Adelaide river
Big Bend
Rice Landing
Br idge
• ,
1.50
1.82 •
2.21
2.15
2.82 ,
*
1.35
*
1.37
1.73
1.72
2.16
j
1.86
2.76
2.00
1 42i ."*•
1 44* • * T
1.54
Table 5.7: Comparison of observations and model predictions of spring tide
hemicycle asymmetry indices along the South Alligator, Daly and Adelaide
rivers. The asymmetry index is defined as the ebb duration to flood duration
ratio. * denotes insufficient data for robust estimate.
predicts the slope of the mean water surface along the river. One obvious
anomaly in the results occurs at New Island station where the model .
underestimates the level of one of the three LW points, though this does not
occur at. the next station upstream at Moon Billabong. Unfortunately, the
record at Wooliana is incomplete, so it is not possible to fully evaluate the
model's performance at this station. Nevertheless, the 12 hours of. record
available for Wooliana suggest that stage predictions in the uppermost
reaches of the river are also realistic. Table 5.6 indicates that the HW lags
predicted along the river accord closely with observations, there being only
4 mins difference between the two at Moon Billabong. While a difference of
22 mins occurs between the observed and predicted value at Wooliana, the
comparability of the result is confounded by a much smaller sample size.
.
H
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The model consistently overestimates the duration of the flood ttoe
hemicycie along the length of the Daly river. Whife the difference between
observed and predicted duration asymmetry indices' is small at New Island
»
and Moon Billabong stations, the model greatly underestimates the
asymmetry index for Wooliana. A lack of synchronous observational data for
this station. prohibit full evaluation of the prediction, but the mean dry
season results reported in Table 5.3 suggest that the duration asymmetry .ratio
for this station should be much greater than the value of 2.0 predicted by the
model. . '
' ' «
Good agreement exists between observed and predicted current
velocities, bffih at Ralphs Bend (km 12) and Alligator Bend (km 48). Figure
5.12 shows that for the section at Ralphs Bend, the model marginally
underestimates both the peak ebb and flood current velocities, though the
overall patterns of velocity are1 similar. Part of the discrepancy between the
two sets of results may be attributed to the fact that the stage curves for this
station are poorly matched. Observed and predicted current velocities for
Alligator Point are very similar.
" I f
5.5.4 Model performance for fhe Adelaide river
In the 'case of the Adelaide river, the tide model performed less
satisfactorily. Figure 5.10 shows that good agreement exists between
observed and predicted tidal elevations at Big Bend (km 30). but not at Bridge
station (km 90). Model predictions of tidal range are good over the entire
river, but the tide phase relationships are poorly predicted in the upper part
of the river. Table 5.6 indicates that the predicted. HW lag relative to the
mouth at Bridge station is around two hours less than the Jag observed.
Unfortunately, synchronous stage data are not available for the intermediate
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station at Rice Landing, so the model predictions cannot be fully evaluated.
However, the predicted mean HW lag value of 107 mins shown in Table 5.6 for
Rice Landing is about an hour less thin would be expected on the basis of .
mean spring tide values (see Table 5.3J. These ptfor tidal phase predictions
result, despite the fact that relatively high n values were used for the
segment of channel upstream of Big Bend. By applying n values greater
than 0.025, the phase relationship is improved, but amplitude upstream is
excessively damped.
While tidal phase is poorly simulated, in other respects the model
performs very well. Table 5.7 illustrates that the model only marginally
overestimates the tide hemicyfle duration index for each of the stations in
the Adelaide river and, significantly, it predicts much lower rates of
asymmetry than for the other rivers, thus according with field observations.
Figure 5.13 indicates' that predicted patterns of current velocities for Broad
Reach and Rice Landing are also very similar to field observations. The
<r
various current velocity curves shown in Figure 5.13 are based on non-
coeval tides and thus do not reveal the poor tidal phase relationships.
5.5.5 General observations on mhdel performance
If model results are to be used to describe the broad scale hydrodynamic
behaviour of the study rivers, and ultimately serve as the basis for
estimating sediment fluxes, the model oughrw Satisfy three primary
requirements. For'all pe/m?" along the river, it should accurately predict (i)
the variation in tidal elevations through the tide cycle, (ii) the 'respective
durations of the ebb and flood' tide hemicycics. and (Hi) the magnitude and
pattern of current -speed. Generally speaking, all of these requirements were
f
*
 th
*
 thr
" rivers.
 T-
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The tidal stage curves predicted for all stations on the thre'e rivers
corresponded closely with Held observations. Longitudinal variations in
wave amplitude and the slope of the mean wate'r surface were well
represented in each case. The fact that poor tidal phase relationships were
obtained in How simulations for the Adelaide river does not violate
requirement (i) above. Tide hcmicycle durations were faithfully predicted
by the^ model for all stations in the three rivers, with the sole exception of
Wooliana near the Daly tide limit. A lack of synchronous tide data for this -
station makes it difficult to estimate the precise magnitude of error in the
prediction of the flood/ebb duration. The available current velocity <
observations indicate that requirement (iii) was also generally satisfied. In
most cases, the model slightly underestimated the magnitude of current
velocity, though this was usually compensated for by a greater persistence in
the predicted velocities. The greatest discrepancies between observed and
. *
predicted velocities occurred for the wide reaches close to the river mouths,
where the observational results were subject to most error.
5.6 MODEL SIMULATION RESULTS
' M
••••£;?!
m:••' M
•f i
5.6.1 Basic modell ing parameters
A
Several hydrodynamic parameters were predicted for various stations
along each of the three rivers, for both spring and neap tides, under dry
season and selected wet season conditions. These parameters include ebb and
flood tidal hemicycle duration, ebb and flood current velocity, -ebb and flood
discharge and tidal prism. Predictions of peak and average current velocity
are reported for ten stations in each of the study rivers. These stations were
selected so that each of the major planfbrm morphologic divisions defined in
il
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Chapter Fbur were represented by at least two sections. Where convenient,
.sections were selected to coincide with the midpoint and upstream and
downstream boundaries of the planform units. Tidal prism and mean and
peak discharge for ebb and flood tides are reported for sfx stations in each of
the rivers, though some data are also presented which cover all the stations
used in the model simulations.
The spring and neap driving tides used in the simulations were' the
maximum and minimum tides measured at the mouths of the rivers during
the field hydrodynamic survey. In some instances, these tides are the same
as used in the model > calibration procedure reported in the preceding section
' ' ' .
of this chapter. For wet season simulations, best estimates of peak fluvial
discharges with 2 and 10 year return periods were imposed as steady rates of
fluvial input to characterize the modification of tides by catchment runoff.
In all simulations, results were output at a 0.2 hr timestep and all of the
•w- *
values reported represent averages of -three consecutive tidal cycles.
5.6.2 Drv season variations in current velocity
Longitudinal variation in ebb and flood currents along the South
Alligator river arc shown for spring and neap tides in Tables 5.8 and 5.9
respectively. Taking the spring tide data first, several salient features in
current velocity variation are evident. Firstly, while the absolute values of
both ebb and flood current velocity fluctuate along the length of the river,
there is a consistent trend in the ratio of these two variables. Both peak and
average flood, current velocities exceed those of the ebb phase and the
relative domination of Hood current magnitude increases with distance
upstream. At the mouth of the river, peak flood current velocity exceeds that
attained during the ebb by a factor of 1.1. but rises gradually to a factor of
'.'t
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k m
6
20
30
45
53
64
70
77
84
91
Ufmax
(m/s)
1.42
1.59
1.66
1.55
1.61
1.70
1.50
1.45
1.33
1.65
uemax
(m/s)
—
1.29
1.19
1.15
1.09
1.11
1.00
0.93
0.82
0.74
0.89
Umaxa
ratio
-
hio
1.34
1.44
1.42
1.45
1.70
1.61
1.77
1.80
1.85
y^
.Ufav
(m/s)
— • —
0.81
0.96
1.01
0.98
1.03
1.06
0.93
0.86
0.78
0.98
ueav
(m/s)
•• • i . •.
0.83
0.91
0.82
0.76
0.86
0.70
0.66
0.56
0.48
0.54
f d u r
(mins)
312
300
294
282
276
258
252
234
228
216
(mins)
423
435
- 441
447
453
477 .
483
501
507
519
d u r a
ratio
1.36
1.45
1.50
1.59
1.64
1.85
1.92
2.14
2.22
2.40
Table 5.8: Longitudinal trends in predicted current velocity parameters,
South Alligator river, spring tides, dry season. Uf m a x = peak flood velocity,
u emax - Peak ebb velocity, u m a xa = peak velocity asymmetry (ufmax/uemax).
ufav = mean flood velocity, ueav = mean ebb velocity, fdur = flood hemicyclc
duration, ejur = ebb hemicycle duration, dura = hemicycle duration
asymmetry (eaurlfdur).
k m
6
20
30
45
53
64
70
77
84
91
Ufmax
(m/s)
0.75
0.86
0.87
0.83
0.91
0.86
0.81
0.78
0 73
0.91
uemax
(m/s)
0.63
0.70
0.67
0.66
0,73
0.64
0.62
0.55
0.49
0.57
"maxa
rat io
1.19
1.23
1.30
1.26
1.25
1.34
1.31
1.42
1.49
1.60
ufav
(m/s)
0.42
•0:54
t).55
0.53
0.60
0.56
0.53
0.51
0.49
0.60
Ueav
(m/s)
0.40
0.48
0.47
0.46
0.54
0.46
0.46
0.41
0.36
0.41
fdu r
(.mins)
336
324
324
324
318
312
306
294
282
270
Cdur
(mins)
399
411
411
411
417
423
429
441
453
465
dura
rat io
1.19
1.27
1.27
1.27
1.31
1.36
1.40
1.50
1.61
1.72
Table 59- Longitudinal trends in predicted current velocity parameters,
South Alligator river, neap tides, dry season. ufma* = peak flood veoaty.
uemax = P«* 'M ^locity. umaxa - peak velocity asymmetry (u^ax/uemax,
u
 av = mean flood velocity, ue,v - man ebb veloaty, fdur - flood henucycU
duration, cdur - ebb hemicycle duration, dura - hemicycle duranon
asymmetry
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1.85 at km 91 (Nourlangic creek). Though the ratios are not listed, a similar
pattern exists with mean current velocities.
Similar asymmetric patterns occur in tidal hcmicycle duration. At the
mouth of the South Alligator, the typical spring ebb phase is 1.36 times
longer than the Hood, while at Nourlangic creek, this factor rises to a value
of 2.4. The pattern is similar for neap tides in this river, though the extent of
the asymmetry is reduced; pcak\flood velocity exceeds peak ebb velocity by a
factor of 1.19 at the mouth and by\a factor of 1.6 at Nourlangie creek.
Similarly, the neap tide hemicycle duration asymmetry index increases from
1.19 at the mouth to 1.72 af Nourlangic creek.
Comparative data for spring and neap tides in the Daly river are given
in Tables 5.10 and 5.11. The same trends in ebb/flood asymmetry of current
velocity magnitude and hemicycle duration are observable in this river for
both spring and neap - tides, though the extent of the asymmetry is more
pronounced than for the South Alligator. During spring tides, peak flood
velocities are over twice the magnitude of ebb values over most of the river,
reaching a factor of 2.89 at km 90. Similar trends arise in the pattern of
mean current velocities along the river, though the magnitude of the
asymmetry is markedly less. Associated with the pronounced ebb/flood
asymmetry in current velocity magnitude is a marked ebb/Hood asymmetry
in tide hemicycle duration; the ebb duration exceeds that of the flood by a
factor of more than 2.4 over most of the river, reaching a maximum of 3.84 at
km 90. The asymmetry indices for current velocity magnitude and tidal
hemicycle duration are comparatively lower for neap tides, though remain
relatively high. *eak flood velocities are still over 1.5 times greater than
peak ebb velocities over most of the river, the magnitude asymmetry i
reaching a maximum of 2.18 at km 90. Similarly, ebb phase duration is ove!
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k m
7
21
29
37
42
48
56
65
79
90
u f m a x
(m/s)
2.00
1.58
1.49
1.52
1.64
1.28
1.73
1.49
1.32
1.01
uemax
(m/s)
1.75
1.30
1.39
0.76
0.65
0.51
0.77
0.59
0.51
0.35
-
umaxa
ratio
-
1.14
1.22
1.07
2.00
2.52 '
2.51
2.25
2.53
2.59
2.89
— ._!__
Ufav
(m/s)
~
1.13
0.99
0.96
0.92
0.90
0.74
0.98
0.82
0.78
0.60
"cav
(m/s)
— _
1.11
0.97
1.06
0.63
0.51
0.43
0.61
0.42
0.36
0.23
f d u r
(mins)
312
288
252
216
210
204
188
176
164
152
e d u r
( m i n s ) .
423
447
483
519
525
531
547
559
571
583
d u r a
rat io
1.36
1.55
1.92
2.40
2.50
2.60
2.91
3.18
3.48
3.84
Table 5.10: Longitudinal trends in predicted current velocity parameters
Daly river, spring tides, dry season. ufm a x = peak flood velocity, uemax
ebb velocity, um a xa « peak velocity asymmetry (ufmaxluemax), ufav * mean
flood velocity, ucav * mean ebb velocity, f<jur = flood hemicycle duration,
edur = e°b hemicycle duration, dura - hemicycle duration asymmetry
ur
k m
7
21
29
37
42
48
56
65
79
90
ufmax
(m/s)
0.98
0.78
0.87
0.85
0.81
0.67
0.90
0.72
0.63
0.48
ucmax
Cm/i)
0.84
0.69
0.85
0.56
0.43
0.38
0.58
0.37
0.30
0.22
Umaxa
rat io
1.17
1.13
1.02
1.52
1.88
1.66
1.55
1.95
2.10
2.18
ufav
(m/s)
0.53
0.47
0.58
0.54
0.50
0.38
0.55
0.42
0.38
0.31
Ueav
(m/s)
0.50
0.48
0.61
0.46
- 0.37
0.31
0.43
0.28
0.24
0.17
f d u r
(mins )
342
336
294
282
276
276
258
258
258
252
C d u r
(mins)
393
399
441
453
459
459
477
477
477
483
d u r a
rat io
1.15
1.19
1.50
1.61
1.66 '
1.66
1.85
1.85
1.85
1.92
Table 5.11: Longitudinal trends in predicted current velocity parameters,
Daly river, neap tides, dry season, ufmax = peak flood velocity, u e max = P*
ebb velocity, um a xa = peak velocity asymmetry (ufmax/uemax), ufav = mean
flood velocity, ueav - mean ebb velocity, fdur - fl°°d hemicycle duration.
edur = ebb hemicycle duration, dura - hemicycle duration asymmetry
(edur/fdur)-
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1.5 times longer than the flood phase along
 most of the river", the duration
asymmetry index rising gradually to 1.92 at km 90.
Longitudinal variations in ebb and flood current parameters along the
Adelaide river arc reported in Tables 5.12 and 5.13. Results differ from those
noted in the South Alligator and Daly rivers. As in the other rivers, tidal
hemicyclc duration is greatest* for ebb tides, though the extent of this
asymmetry is much less pronounced. The spring tide asymmetry index
increases gradually with distance upstream, from 1.15 at the mouth to 1.45 at
km 111. Both peak and mean current velocity are highest during the flood1
phase at all stations along the river. Fqr spring tides at km 63. peak flood tide
current velocity exceeds that attained during the ebb phase by a factor of
1.38. The model results show that absolute current velocities in the Adelaide
river are much lower than in the other rivers. Peak spring tide flood
velocities in the Adelaide river range between 0.6 and 1.0 m/s, while throu
most of the South Alligator and Daly rivers, the comparative range is 1.4 to
1.8 m/s.
5.6.3 Drv season variations in tidal prism and discharge
In Table 5.14, predicted tidal prism, mean flood phase discharge and
mean ebb phase discharge are listed for spring and neap tides at six stations
within each of the study rivers. As in Wright a al. (1973). tidal prism (P) is
defined as the total volume of water exchanged past a section over a complete
tidal hemicycle and is calculated as
t ... (5.10)
where f and t are the times of successive low and high water, and Q is the
volume of water passing per time step. At.
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k m
4
19
27
40
53
63
76
84
96
111
\
Ufmax
(m/s)
0.95
1.09
0.86
0.8J
0.78
0.69
0.57
0.61
0.63
0.54
uemax
(m/s)
0.82
0.98
0.70
0.63
0.57
0.50
(f.43
0.51
0.60
0.42
• -.
Umaxa
ra t io
-
1.16
1.11
1.23
1.29
1.37
1.38
1.33
1.20
1.05
1.29
—-- i • i—
Ufav
(ra/s)
—
0.50
0.76
0.70
0.57
0.53
0.49
0.42
0.46
0.44
0.36
1
Ueav
(m/s)
••' • .
0.55
0.74
0.60
0.49
0.46
0.41
f.37
0.42
0.48-
0.30
f d u r
(mins)
342
324
424
318
318
312
312
312
306
300
^
C d u r
(mins)
393
411
411
417
417
423
423
423
429
435
0
d u r a
ratio
1.15^1.2-r
1.27
1.31
1.31
1.36
1.36
1.36
1.40
1.45
Table 5.12: Longitudinal trends in predicted current velocity parameters,
Adelaide river, spring tides, dry season. ufmax = peak flood velocity, uemax =
peak ebb velocity, um a xa = peak velocity asymmetry (ufmaxfuemax). ufav =
mean flood velocity, ueav = mean ebb velocity, fdur = flood hemicycle
duration, cdur = ebb hemicycle duration, dura = hemicycle duration
asymmetry
k m
4
19
27
40
53
63
76
84
96
111
ufmax
(m/s)
0.56
0.73
0.57
0.55
0.54
0.49
0.42
0.44
0.46
0.39
Uemax
(m/s)
0.47
0.63
0.47
0.43
0.40
0.36
0.32
0.37
0.44
0.33
Umaxa
ra t io
1.19
1.16
1.21
1.28
1.35
1.36
1.31
1.19
1.05
1.18
ufav
(m/s)
0.31
0.49
0.38
0.36
0.36
0.32
0.28
0.32
0.36
0.27
Ueav
(m/s)
0.31
0.46
0.34
0.32
0.30
0.28
0.25
0.30
0.35
0.25
f d u r
(mins)
342
336
336
330
324
324
324
324
324
318
C d u r
(mins )
393
399
399
405
411
411
411
411
411
417
d u r a
ra t io
1.15
1.16
1.16
1.23
1.27
1.27
1.27
1.27
1.27
1.31 *
Table 513: Longitudinal trends in predicted current velocity parameters,
Adelaide river, neap tides, dry season. u fmax = peak flood velocity. uemax -
peak ebb velocity. umaxa = peak velocity asymmetry ^'u^"
mean flood velocity. ueav = mean ebb velocity, fdur = flood hemtcyc
duration. cdur = ebb hemicycle duration, dura - hemtcycle duranon
asymmetry (edur/fdur)-
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STATION
(km)
ps
(m3) n(m3) QF$(m3/s)
QEs
(m3/s)
QFn
(m3/$)
QEfl
(m3/$)
Soulh Alligator
 rjYtr " ~~ • —
0.0 '"
4
 17.2
34.7
50.3
64.1
88.3
Dalv river
0.0
14.3
35.3
48.3
65.0
4.70 x 108-
2.03 x 108
1,15 x 108
6.74 x 107
3.19 x 107
4.49 x 106
2.34 x 108
1.03 x 108
2.23 x 107
6.52 x 106
2.02 x 106
87.0 9.09 x 105
Adelaide river
4.0
1-9.5
34.5
53.4
68.3
96.2
5.46 x 107
3.29 x 107
2.52 x 107
1.73 x 107
1.13 x 107
3.65,x IQfr
2.26 x-108
1.06 x 108
6.25 x 107
3.70 x 10?
1.78 x 107
2.52 x 106
1.07 x 108 .
4.87 x 107
1.09 x 107
3.27 x 106
1.10 x 106
5.16 x 105
3.19 x 107
2.05 x 107
1.60 x 107
1.12 x 107
7.40 x 106
2.59 x 106
24524
11181
6772
4048
2037
355
12030
6085
1904
668
235
97
2573
1639
1256
860
586
189
18061
7677
4234
2450
1141
146
9J73
3947
746
218
73
34
2287
1310
1000
683
448
143
10634
5227
3048
1905.
936
148
5243
2503
• 681
217
82
37 '
,1504
986
799
559
3*3.
127
9245
4248
2499
1426
680
91
4237
1930
396•J 7 \j
120A At \J
39
19
1333
£38
635
443
304
106
Table 5.14: Selected dry season tidal discharge predictions for various
stations along the South Alligator, Daly and Adelaide rivers. P = tidal prism,
QF = mean flood discharge, QE = mean ebb discharge. Subscript s denotes '
spring tides, subscript n denotes neap ttdes. Values shown represent
average's taken over two full tidal cycles.
Tidal flow volumes and rates are greatest in the South Alligator river,
where the spring tidal prism at the mouth is estimated to be 4.70 x 108m3 .
i
compared to 2.34 x 108 m3 and 5.46 x 107 m3 at the mouths of the Daly and
AdelaN^ivers rtspectivel^ These values arc roughly halved for neap tides.
The mean spring Iflood tid/discharge at the mouth of the South Alligator
river i^24«rln3/s. compared to 12030 m3/s and 2573 m3/s at the mouths of
ft Daly and Adelaide rivers respectively. Neap tide mean discharges are
•
approximately half these values.
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The change in dimcnsion.css tidal prism (VP0) wilh rcspect to .
dimensionless distance upstream (x//)
 may be expressed in the same form
that dimensionless width CW /W i anH A- • i
^w x /w 0 ; and dimensionless cross-sectional area
( A X / A 0 ) were earlier, such that
...(5.11)
where Px is the tidal prism at point x upstream, P0 is the tidal prism at the
mouth and / is the exponent of decrease with respect to distance upstream.
Predicted changes in PX/P0 with dimensionless distance upstream are plotted
in Figure 5.14. Also shown in dimensionless form are upstream changes in
mean ebb and flood discharge. In each of the rivers, the mean ebb and mean
flood discharge curves gradually diverge with distance upstream, reflecting
the patterns />f increasing flood/ebb asymmetry in current velocity noted
e a r l i e r .
The tidal prism data were broken into subsets and fitted with curves to
• .
determine rates of change through various segments of the rivers.
Exponents of decrease ( /") inP x /P 0 , determined for various channel
segments, are given in Table 5.15. These data reveal that in each of the
rivers, tidal prism decreases negative-exponentially with distance upstream,
though at rates which vary M>th between and along the rivers. As changes
Xn tidal prism generally mirro^ those of mean ebb and flood discharge, the
exponents reported are aho relevant to describing changes in dimensionless
flow rate along the rivers.
In the South Alligator river, the rate of decrease in tidal prism is
moderate in the funnel and cuspate segments. , low in the sinuous and high in
the upstream segment. As tidal range is 'effectively constant over most of the
South Alligator river (Table 5.3), thus fixing the thickness of the tidal prism.
one would expect the volume of water moving past any point in the river to
be strongly modulated by channel width. However, referring back to the
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plot of upstream changes in W /W •„
 B-
*
 m W
x/W0 m F.gurc 4.4. high rates of width
decrease occur in the funnel »«^funnel and up!lream segmems whj|e
minima, reduction ,.
 widlh ,hrough
Thus. ra,c of change
 in ,ida, prism
do no, cor,e,a,, Severa, worker, comparing dynamic
 and hypsom£lric „,„
Prisn, estimates (Boon. ,975; Hca.cy „ „,.. ,„„
 nave idmificd ^ samc
phenomenon and auribu.cd i, ,„
 s,oping walcr surfa(:es and ,ongiludina,
variations in current velocity.
I
SEGMENT x/l / n R
V
South Alligator river
F u n n e l
S i n u o u s
Cuspate
U p s t r e a m
Daly river
Funne l
Sinuous/Cuspate
Upstream
Adelaide river
Funnel /Sinuous
Upstream
0.00
0.27
0.46
0.71
0.00
0.27
0.54
0.00
0.60
- 0.27
- 0.46
-0.71
- 1.00
- 0.27
- 0.54
- 1.00
- 0.60
- 1.00
- 4.69 7
- 3.21 6
- 5.98 13
- 9.45 1 1
9
- 6.08 5
- 9.37 7
- 4.44 1 1
- 2.87 13
- 5.97 10
0.99
0 99
0.9^
0.99
0.99
0.99
0.98 -
0.99
0.99
Table 5.15: Exponents of decrease in dimensionless spring tidal prism (f)
wu/i respect to dimensionless distance (xJI) along the South Alligator, Daly
and Adelaide rivers. Also 'shown are the number of points (n) in each sample
and the correlation coefficient (R). For explanation of exponent f, see
equation 5.11.
In the Daly river, tidal prism decreases rapidly with distance upstream
to a point just above the periodically cuspate segment, whereafter it .
4
decreases at a moderate rate. In general, rates of decrease in PX/P0 along the
Daly river are considerably higher than, those reported earlier for WX/\V0 > as
Figure
I -1
S. '
-
01
'
.001
"
•'.v
• TIDAL PRISM
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+ MEAN QF
0.0 0.2 * 0.4
a.
0.6 0.8 1.0
•o
a.
.3
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I
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Predicted changes in dimensionless spring tidal prism (PX/P0)
ill
*:
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there is a. significant decrease in tidal range along the length of the river.
However, this tendency does not apply to the sinuous/cuspate reach where
there is a sharp decrease in tidal,prism. The increase in decline of width,
cross-sectional area and tidal prism in the sinuous/cuspate reach of the Dtlf
is probably attributable to a major change in slope, though this has proved
difficult to measure.
In the Adelaide river. PX/P0 decreases with distance upstream at a much
lower rate than in the other rivers. Rate of decrease in the funnel and
sinuous segments is very low. though abruptly increases in the upstream
segment. Again, these data contrast with patterns of change in WX/W0,
despite the fact that tidal range is fairly constant throughout the river.
Width decreases steeply in the funnel, and declines at a very low rate
throughout the rest of the river.
$
I
5.6.4 Modelling the interaction of tidal flow and wet season fluvial floods
In the following sections, CORAL is used to predict how wet season
floods modify tidal processes in the rivers. Before proceeding however,
there are several fundamental modelling problems to be addressed.
Firstly, with the exception of the Daly river basin, little is known about
the wet season hydrology of the large, coastal basins discharging into the
study rivers. Simple statistical runoff models developed for nearby basins,
such as tributary catchments of the East Alligator river (Vardavas, 1988) or
the Daly river (Chappell and Bardsley, 1985) are unfortunately . not portable
to other catchments. Similarly, the application of standard flood estimation
models such as FLOUT (Price. 1977) and RORB (Laurenson and Mein. 1983) is
also problematic because such models require calibration against nearby
catchments.' As described earlier in -section 3.8. Woodroffe et al.
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(1986) overcame ,hc«
 problems by sclling Dlly
other rivers, according to catchment
size and shape. While arguably a crude
procedure, their method was adopted in the present study, as a more
parsimonious alternative was not available.
Secondly, even for the Daly river, where over 20 years of flow records
are available, problems arise in defining Hood magnitudes and persistences
for given return periods, due to highly variable patterns of monsoonal
rainfall runoff. It was decided to impose steady fluvial inputs with
magnitudes corresponding to best estimates of peak discharges with 2 and 10
year return periods. As determined in section 3.8, the values arc 500 and 1500
m3/s for the South Alligator river. 1800 and 5500 mVs for the Daly, and 250
and 800 m3/s for the Adelaide river. It is instructive to compare these values
with the tidal discharge predictions reported earlier. The 2 and 10 year flood
peak estimates for the South Alligator river accord roughly with the mean
.spring flood tide discharges at around km 80 and km 70 respectively. In the
Daly river, 2 and 10 year flood peak discharges compare with mean spring
flood tide discharges at km 37 and km 17 respectively. In the Adelaide river,
2 and 10 year peak flood discharges match mean spring flood tide discharges
at km 80 and km 55 respectively.
Thirdly, there are difficulties in representing flood contributions from,
and channel flow losses to, the broad river floodplains during major wet
season floods. While CORAL does have a floodplain flow module, this was not
used due to the lack of information on floodplain topography for any system
other than the South Alligator. Rather-than make'too many simplifying
assumptions regarding the topography of the floodplains. it was assumed that
the channel had infinitely high walls. Because the South Alligator river -
floodp.ain slopes away from the channel (Woodroffe et ai. 1986), floodplain
runoff into the channel should be negligible, for anything other'than major
f
i
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floods. Loss of channel flows to the floodplain system is potentially a more
important problem. If this occurs frequently, the model, as implemented in
this study, will overestimate the impact - of fluvial flows on tidal currents. ' .
Few observational data arc -available OB the frequency of ovcrbank flooding
in the rivers. However, test runs of the model, carried out to examine
predicted stage during floods relative to estimated floodplain level, do shed '
some light on this problem. These are examined below.
Figure 5.15 illustrates the relationship between floodplain elevation and
the maximum predicted^ spring *nd neap tide stage in the Daly river during a
2 year flood. In this case, most of the flow, is contained within the channel.
Comparative data are not shown for the other rivers because results are
similar. During 10 year floods, more frequent overbank flooding is evident,
mainty fn association with spring tides. In the wet season simulation results,
summarized in the following sections, all episodes of appreciable overbank
flooding are indicated.
5.6.5 Wet season variations in current velocity
The predicted effects of a 2 year return period fluvial flood peak on
spring tide current velocities along the South Alligator river are shown in
Table 5.16. While current reversal only ceases at around km 87, the flood
' tides are markedly attenuated throughout the river. Mean ebb Current
velocities begin to exceed those attained during the flood phase at around km
53. Moreover, there is a dramatic increase in the asymmetry of tidal
hemicycle duration, such that upstream of km 53. the ebb phase is between
two and nine limes longer than. the flood. The comparative effect of such a
fluvial input on neap tidal currents is illustrated in Table 5.17. During neap
207
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Figure 5.J5: Relationship between floodplain elevation and predicted
maximum tidal stage for spring and neap tides during a 2 year flood, Daly
river.
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k m
6
20
30
45
53
64
70
77
84
1
Ufmax
(m/s)
1.40
1.56
1.61
1.48
1.49
1.42
1.14
0.79
0.29
— •— — —
Uemax
(m/$)
1.33
1.26
.26
.22
.22
.17
.07
0.99
.09
.73
— — — — _
umaxa
ratio
— — — — — __
1.05
1.24
1.28
1.21
1.22
1.21
1.06
0.80
0.27
*
•
"fax
(m/s)
— — — —
0.79
0.93
0.99
0.94
0.94
0.88
0.70
0.48
0.16
*
— •-
Ueav
(m/s)
•
0.86
0.94
0.88
0.84
0.97
0.86
0.89
0.86
0.95
1.48
• • . i—
f d u r
(mins)
312
294
282
264
252
216
186
132
72
0
Cdur
(mins)
423
441
453
471
483
519
549
603
663
735
d u r a
ratio
1.36
1.50-,
1.61
1.78
1.92
2.40
2.95
4.57
9.21
*
Table 5.16: Longitudinal trends in predicted current velocity parameters,
South Alligator river, spring tides, 2 year flood. Ufm a x * peak flood velocity,
U e m a x = Peak ebb velocity, u m a x a .= peak velocity asymmetry (ufmax/uemax),
ufav = mean flood- velocity, ueav = mean ebb velocity, fdur = flood hemicycle
duration, edur = ebb hemicycle duration, dura = hemicycle duration
asymmetry (e^ur^fdur)- * denotes not applicable.
k m
6
20
30
45
53
64
70
77
84
91
U f m a x
(m/s)
0.73
0.82
0.81
0.74
0.74
0.51
0.32
*
*
*
uemax
(m/s)
0.67
0.74
•0.76
0.75
0.83
0.78
0.83
0.89
1.08
1.72
*
umaxa
ratio
1.09
1.11
1.07
0.99
0.89
0.65
0.39
*
*
*
ufav
(m/s)
0.41
0.50
0.51
0.48
0.48
0.32
0.18
*
*
*
ucav(m/s)
0.41
0.52
0.52
0.53
0.64
0.62
0.67
0.67
0.93
1.61
f d u r
(mins)
324
312
300
276
264
222
162
0
0
0
C d u r
(mins)
411
423
435
459
471
513
573
735
735
735
d u r a
ratio
1.27
1.36
1.45
1.66
1.78
2.31
3.54
*
*
*
1 "
"I? in
Table 517: Longitudinal trends in predicted current velocity parameters,
South Alligator river, neap tides, 2 year flood. ufmax - peak flood velocity,
"ernax « peak ebb velocity, umaxa " Peak velocity asymmetry (ufmax/uemax),
ufav = mean flood velocity. ueav - mean ebb velocity, fdur - flood hemicycle
duration, edur - ebb hemicycle duration, dura - hemicycle duration
asymmetry (edur'fdur)- * denotes not applicable.
\ -i
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tides, the point of non-reversal is extended downstream to around km 73 and
flood tide velocities throughout the river are even more attenuated. Mean
ebb phase velocities exceed those of the flood phase throughout the river,
though peak flood velocities are still marginally higher in the lower 30 km
of the river. The pattern of tidal hemicyclc durations is roughly the same as
noted for spring tides.
In Tables 5.18 and 5.19 the predicted effects of a 10 year fluvial flood
peak on spring and neap tidal currents in the. South Alligator river are
shown. In the spring tide case, the limit of current reversal occurs around
km 72. Mean ebb currents exceed those of the flood tide throughout the river
and there is a large increase in the asymmetry of tidal hemicycle duration.
Between km 30 and km 70 the ebb duration increases from 1.85 to 7.75 times
that of the flood tide. For neap tides associated with a 10 year flood, the limit
of current reversal extends further downstream to around km 56. At km 45.
mean ebb tide current velocities are over twice the magnitude of flood
velocities and ebb phase duration exceeds that of the flood tide phase by a
factor of 2.71.
As expected, the dramatically larger specific fluvial discharges in the
Daly river result in more extensive tidal modification during the wet season.
Predicted longitudinal variations in spring and neap current speed and
duration along the Daly river during a 2 year flood peak are shown in Tables
5.20 and 5.21. The limit of tide reversal is located around km 38 during spring
tides and around km 23 during neap tides, indicating a much higher degree
of wet season fluvial dominance than estimated for the South Alligator river.
Particularly high ebb velocities are predicted for both spring and neap
conditions, with mean velocities approaching 3 m/s throughout most of the
upper estuary and 2 m/s in the sinuous and cuspate reaches. Checks on tidal
stage levels during these simulations confirm flt the predicted flows are
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k m
6 '
20
30
45
53
64
70
77
91
Ufmax
(m/s)
1,36
1.46 '
1.46
1.26
1.14
0.73
0.33
*
uemax
(m/s)
1.36
1.31
1.34
1.30
1.32
1.35
1.55
1.56
#
"maxa
rat io
1.00
1.11
1.09
0.97
0.86
0.54
0.21
*
$
*
Ufav
(m/s)
'• —
0.76
0.90
0.90
0.81
0.72
0.43
0.16
*
#
#
ueav
(m/s)
— i,,—
0.89
0.99
0.96
0.95
1.12
1.14
1.24
1.31
#
#
f dur
(mins) '
306
270
258
222
192
144
84
0
0
0
Cdur
(mins)
429
465
477
513
543
591
651
735
735
735 '
dura
ratio
• ...
1.40
1.72
1.85
2.'31
2.83
4.10
7.75
*
*
*
Table 5.18: Longitudinal trends in predicted current velocity parameters,
South Alligator river, spring tides. 10 year flood. uf m a x = peak flood velocity,
= peak ebb velocity, um a xa = peak velocity asymmetry (ufmax/uemax),
= mean flood velocity, ueav = mean ebb velocity, f(jur = flood hemicycle
duration, Cdur s ebb hemicycle duration, dura = hemicycle duration
asymmetry (edur'fdur)- * denotes not applicable, # denotes overbank flow.
k m
6
20
30
45
53
64
70
77
84
91
ufmax
(m/s)
0.6*
0.69
0.63
0.46
0.31
*
*
*
*
*
uemax
(m/s)
0.67
0.76
0.80
0.85
1.03
1.13
1.49
1.55
#
#
umaxa
ratio
1.01
0.91
0.78
0.54
0.30
ufav
(m/s)
0.39
0.43
0.40
0.28
0.18
*
*
*
*
*
Ueav
(m/s)
0.43
0.57
0.58
0.64
0.81
0.88
1.19
1.44
#
#
f d u r
(mins)
288
264
240
198
138
0
0
0
0
0
C d u r
(mins)
447
471
495
537
597
735
735
735
735
735
d u r a
ratio
1.55
1.78
2.06
2.71
4.33
*
*
*
*
*
Table 519- Longitudinal trends in predicted current velocity parameters,
South Alligator river, neap tides, 10 year flood. u f m a x - peak flood velocity.
"emax = peak ebb velocity, umaxa = P«* velocity asymmetry (ufmaxluemax),
ufav = mean flood velocity, ueav - mean ebb velocity. fdur - flood hemicycle
duration, cdur - *b hemicycle duration, dura - hemicycle duration
asymmetry (edur'fdur). * denotes not applicable, * denotes overbank flow.
• (ii.
\
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km u f m a x u«max Umaxa
(m/s) (m/.) ratio (m/$)
%_
7
21
29
37
42
48
56
65
79
1.73
1.05
0.56 :
0.03
1
*
— — — —
1.79
1.65
1.20
1.34
1.65
.95
!.87
. 3.20 <
3.21 <
^m
0.97
0.64
0.25
0.02
it
k
90 2.54 *
~
0.95
0.63
0.33
0.02
"cav
(m/s)
—
1.24
1.19
1.44
1.09
1.43
1.78
2.78
3.17
3.20
2.53
fdu r
(mins)
264
192
114
12
0
0
0
0
0
0
C d u r d u r a
(mins) ratio
471
543
621
723 6
735
735
735
735
735
735
1.78
2.83
5.45
3.25
Table 5.20: Longitudinal trends in predicted current velocity parameters,
Daly river, spring tides, 2 year flood. ufmax ~ peak flood velocity, ucmax "
peak ebb velocity, um a xa = peak velocity asymmetry (ufmax/uemax), ufav -
mean flood velocity, ueav s mean ebb velocity, f(jur = flood hemicycle
duration, edur = ebb hemicycle duration, dura » hemicycle duration
asymmetry (eaurtfdur)- * denotes not applicable.
k m ufmax u e max "max* ufav ucav(m/{) (m/s) rat io (m/s) (m/s)
7 0.67 0.97 0.69 0.35 0.62
21 0.13 1.12 0.12 0.06 0.73
29
37
42 <
48 <
56 <
65 *
79 ^
90 «
* 1.81
" 1.30
* 1.62 '
* 1.94 '
> 2.87 *
k
 3.20 '
3.21 <
*
d
<f
k
k
k
k 4
1.22
1.19
1.55
1.90
2.86 -
3.19
> 3.20
2.54 * * " 2-53
f d u r
(mins)
222
90
0
0
0
0
0
0
0
0
Cd u r d u r a
(mins) ratio
513 2.
645 7.
31
17
735
735
735
735
735
735
735
735
Table 5.21: Longitudinal trends in predicted current. velocity parameters,
Daly river, neap tides, 2 year flood, ufmax - P«* fl°od velocity. ucmax = peak
ebb velocity um axa - ?*<* velocity asymmetry (ufmaxlu^max), ufav » mean
flood velocity ueav - ***** *bt> velocity. fdur - flood hemicycle duration. cdur
= ebb hemicycle duration, dura » hemicycle duration asymmetry (edur/fdur).
* denotes not applicable.
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contained within the channe.. which is bounded by an elevated floodp.ain
(see Figure 4.11). To illustrate this point, the relationship between maximum
stage attained at each station, during the 2 year Hood simulation, is plotted
against flie^sumated floodplain level in Figure 5.15.
The
'<8$)Parativc rcsults for 10 vcar P«k nuvial flood discharges in the
Daly river are reported in Tables 5.22 and 5.23 and indicate that under both
spring and neap tide conditions, the entire river is non-reversing. However,
the results indicate that appreciable overbank now should occur upstream of
km 50 under these conditions, raising some doubt regarding the accuracy of
the predictions for the upstream reaches.
Model predictions of velocity patterns in the Adelaide river during
spring and neap tides under the influence of a 2 year fluvial flood peak are
detailed in Tables 5.24 and 5.25. Under both spring and neap tidal conditions.
the limit of tide reversal is situated around km 90. In both cases however,
ebb current magnitudes exceed those of the flood throughout the entire river
and ebb tide duration ranges between 1.5 and 3 times that of the flood tide.
Even though the specific fluvial inputs arc less than imposed in the South
Alligator, the effect of the wet season floods are considerably more dramatic
due to^ the more diminutive tides in the Adelaide river. In the case of 10 year
flood peaks, the data reported in Tables 5.26 and 5.27 indicate that the limit of
tide reversal is extended downstream to around km 66 for spring tides and
around km 45 for neaps. Even within the remaining reversing segment
however, there is considerable ebb dominance in the flow patterns. At km 27
for instance, mean ebb velocities are over twice as great as flood velocities
during spring tides and four times as great during neap tides. In addition, at
this same station, the ebb tide hemicycle exceeds the duration of the flood by
a factor of 2.2 during spring tides and by a factor of 3.7 during neaps.
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k m
7
21
29
37
42
48
56
65
79
f\ /\U 1 1y u
ufmax
(m/s)
1.01
*
*
-N
Uemax HV lit Q ^  U
(m/$)
•
2.28
2.44
2.92
2.29 <
3.04
3.63
# •
# 4
# «
# .*
max™
rat io
-
0.44
k
k
k
k
k
* 4
k j1
ufav ueav
Cm/S) (m/s)
— .
0.48 1.49
1.54
2.15
2.18
2.97
3.59
#
#
f d u r
(mins)
156
0
0
0
0
0
0
0
0
0
e d u r d
(mins) r
579
735
735
735
735
735 .
735
735
735
735
u r a
atio
^™^™^^™^
3.71
Table 5.22: Longitudinal trends in predicted current velocity parameters.
Daly river, spring tides, 10 year flood. ufmax - peak flood velocity, ucmax =
peak ebb velocity, umaxa = peak velocity asymmetry (ufmax/uemax), ufav «
mean flood velocity, 'ucav » mean ebb velocity, f<jur = flood hemicycle
duration, Cdur « ebb hemicycle duration, dura = hemicycle duration
asymmetry (e^ur/fdur)- * denotes not applicable, # denotes overbank flow.
k m
 u f m a x uemax umaxa ufav ueav
(m/s) (m/s) ra t io (m/s) (m/s)
7 '
21 <
29 <
37 <
42 <
48 «
56 «
65 «
" 1
> 2
k
 2
k
 2
N
 3
3
#
#
79 * #
90 * #
.56
.07
.69 . '
.26 -
.03 *
.62 *
4
4
4
4
k
i
i
i
k
k
k
k
i
0.96
1.61
2.38
2.24
3.01
3.61
" #
#
#
#
f d u r
(mins)
0
0
0
0
0
0
0
0
0
. 0
edu r d u r a
(mins) ra t io
735
735
735 '
735 '
735 • '
735 *
735 *
735 <
735 *
k
k
k
k
k
k
k
k
i
735 *
Table 523- Longitudinal trends in predicted current velocity parameters,
Daly river, neap tides. 10 year flood. ufmax - peak flood velocity, uemax - peak
ebb velocity umaxa * peak velocity asymmetry (ufmaxluemax), ufav = mean
flood velocity ueav - mean ebb velocity. fdur - flood hemicycle duration, cdur
= ebb hemicycle duration, dura - hemicycle duration asymmetry (edur/fdur).
* denotes not .applicable, * denotes overbank flow.
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k m
4-
19
27
40
53
63
76
84
96
111
Ufmax
(m/s)
0.90
0.98
0.77
0.72
0.66
0.55
0.36
0.24
* Jk
*
uemax
(m/s)
~^^-^— -.-i^ —^^^ .^
0.89
1.09
0.79
0.72
0.69
0.64
0.61 <"
0.79
1.01
0.81
"maxa
ra t io
-
1.01
0.90
0.97
1.00
0.96
0.86
,0.59
0.30
*
*
Ufav
(m/s)
-- _
0.48
0.68
0.55
0.49
0.46
0.37
0.25
0.16
• *
*
Ueav
(m/s)
~
0.60
0.85
0.61
0.58
'0.56
0.52
0.52
0.63
0.64
0.65
f d u r
(mins)
330
306
'294
288
270
258
234
198
0
0
C d u r
(mins)
405
429
441
477
465
477
501
537
735
735
d u r a
ratio
1.23
1.40
1.50
1.55
1.72
1.85
2.14
2.71
*
*
Table 5.24: Longitudinal trends in predicted current velocity parameters,
Adelaide river, spring tides. 2 year flood. Ufm a x « peak flood velocity, uemax
peak ebb velocity, um a xa = peak velocity asymmetry (ufmax/uema)c), ufav =
mean flood velocity, ueay « mean ebb velocity, f,jur = flood hemicycle
duration, e<jur = ebb hemicycle duration, dura » hemicycle duration
asymmetry (e^urffdur)- * denotes not applicable.
k m
4
19
27
40
53 '
6*
76
84
96
111
U f m a x
(m/s)
0.51
0.62
0.48
0.45
0.41
0.33
0.18
0.04
*
uemax
(m/s)
0.54
0.74
0.56
0.53
0.52
0.50
0.49
0.65
0.91
0.78
rat io
0.94
0.84
0.86
0.85
0.79
0.66
0.37
0.06
*
*
Ufav
(m/s)
0.29
0.43
0.32
0.30
0.27
0.21
0.11
0.02
*
*
ueav
(m/s)
0.35
0.55
0.42
, 0.40
0.40
0.38
0.38
0.46
0.67
0.69
f d u r
(mins)
318
294
294
270
246
228
174
66
0
0
C d u r
(mins)
417
441
441
465
489
507
561
669
735
735
d u r a
rat io
1.31
1.50
1.50
1.72
1.99
2.22
3.22
10.13
*
Table 525- Longitudinal trends in predicted current velocity parameters.
Adelaide river, neap tides, 2 year flood. Ufmax - peak flood velocity. ucmax -
peak ebb velocity, umaxa - peat velocity asymmetry (Ufmax/Uem^), ufav -
mean flood velocity. ueav - mean ebb velocity, fdur » flood hemicycle
duration. cdur * tbb hemicycle duration, dura - hemicycle duration
asymmetry (edur'fdur)- * denotes not applicable.
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k m
4
19
27
40
53
6.3
76
84
96
1 1 1
ufmax
(m/s)
0.78
0.71
0.53
0.43
0.29
0.11
*
*
*
*
uemax
(m/s)
0.95
1.19
0.88
0.84
0.86
0.86
0.95
1.33
1.51
1.31
Umax*
ratio
•,
0.82
0.60
0.60
0.51
0.34
0.13
*
*
*
*
Ufav
(m/s)
0.40
0.49
0.36
0.29
0.18
0.06
*
*
*
*
Ueav
(m/s)
0.67
0.94
0.71
0.67
0.69
0.67
0.72
1.07
1.33
1.28
fdur
(mins)
300
246
228
198
156
90
0
0
0
0
Cdur
(mins)
435
489
50T
537
579
645
735
735
735
735
dura
ratio.
1.45
1.99
2.22
2.71
3.71
7.17
*
*
*
*
Table 5.26: Longitudinal trends in predicted current velocity parameters,
Adelaide river, spring tides, 10 year flood. ' u f m a x - peak flood velocity, ucmax
= peak ebb velocity, u m a x a « peak velocity asymmetry (ufmax/uemax), ufav -
mean flood velocity, ueav » mean ebb velocity, fdur =« flood hemicycle
duration, Cdur = ebb hemicycle duration, dura = hemicycle duration
asymmetry (edurtfdur)- * denotes not applicable.
k m
4
19
27
40
53
63
76
84
96
111
U f m a x
(m/s)
0.36
0.28
0.18
0.09
. *
*
*
*
*
*
Uemax umax(m/s) ratio
0.57 0.63
0.85 0.33
0.66 6.27
0.66 0.14
0.72
0.75
0.88 . '
1.27
1.48
1.31
I U f a v ^CflV
* (m/s) (m/s)
0.19 0.39
0.19 0.63
' 0.12 0.49
0.06 0.49
0.51
0.58
0.74
1.11
1.39.
1.29
f d u r
(mins ) '.
264
186
156
102
' 0
0
0
0
0
0
C d u r
(mins)
471
549
579
633
735
735
735
735
735
735
d u r a
ratio
1.78
2.95
3.71
. 6.21
•
Table 527- Longitudinal trends in predicted current velocity parameters',
Adelaide river, neap tides, 10 year flood. ufm ax - peak flood velocity, uemax
peak ebb velocity, umaxa - peak velocity asymmetry (ii/W^ma
mean flood velocity. ue.v - mean ebb velocity, fdur - flood hemicycle
duration, ed u r .« ebb hemicycle duration, dura - hemicycle duration
asymmetry (edur/fdur). * denotes not applicable.
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5.7 PRINCIPAL RESULTS OF CHAPTER FIVE
An understanding of the broad scale hydrodynamic behaviour of each
of the three study river' systems has been gained from' a mixture of field
observation and numerical modelling. The results indicate that while tides at
the mouths of the riv.ers are similar, tidal behaviour along and between the
rivers varies considerably. Superimposed upon these different dry season
tidal behaviours arc differing responses to wet season floods, which vary in
magnitude in each river, principally as a function of catchment size.
Key findings of this chapter may be summarized as follows:
(i) A one-dimensional non-linear tide model adequately describes the
tidal behaviour of each of the study rivers.
(ii) Tides are similar at the mouths of the three study rivers, though
strong tidal damping is caused by a bedrock constriction a few kilometres
inside the mouth of the Adelaide river. Spring tidal,range at this point is
reduced from around 6 m to 3.5 m.
(iii) Tidal range is nearly constant along most of the South Alligator and
Adelaide rivers, but decreases rapidly with distance upstream in the Daly
r i v e r .
(iv) Tide crestal celerities decrease most steeply during passage
upstream in the Daly and least so in the South Alligator.
(v) In each of the rivers, ebb/flood hemicycle duration becomes
increasingly asymmetric with distance upstream. In each case, tide
hemicycle duration asymmetry increases upstream at a different rate.
Ebb/flood duration asymmetry is greatest along the Daly river, and lowest
along the Adelaide.
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(vi) Ebb/flood duration asymmetry along the rivers produces a . . ' .
corresponding asymmetry in ebb/flood instantaneous, tidal discharges and
ebb/flood current velocities.
(vii) The tidal prism near the mouth of each river varies greatly
between the three rivers, the South Alligator tidal- prism being around twice
that of the Daly and about six times that of the Adelaide river. In each river,
the tidal prism and ebb and flood tidal discharges decrease in a negative-
exponential manner with respect to distance upstream. Rates of decrease are
by far the greatest in the Daly river and lowest in the Adelaide river.
(viii) It was noted earlier in Chapter Three, that there are substantial
differences in the sizes of the catchments of the three study rivers. The Dajy
% '
catchment is around five times the size of the South Alligator basin and about
eight times that of the Adelaide. Accordingly, the magnitude of wet season
' , **
. f luvia l contributions to each of the rivers 'is significantly different. Best
estimates of 2 .year flood peak discharges in the Daly are around three times
"Ogreater than in the South Alligator and around six times greater than in the
Adelaide. These differences dictate the extent to which tidal processes are
modified in each of the rivers during wet season floods. Tidal dominance
over fluvial forces is greatest in the South Alligator river and least in the
Daly. Even though fluvial jnput to the Adelaide river is smaller than to the
South Alligator, the counteracting tidal energy is considerably lower in this
fi
t i l
.
K
'I
m
r i v e r .
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CHAPTER SIX
SEDIMENT CHARACTERISTICS AND'TRANSPORT
6.1 INTRODUCTION
M,j •
This chapter describes the nature of the sediments transported in the
study rivers and reports measured rates of suspended sediment transport for
different points along each of the rivers under a range of flow conditions.
In- addition, empirical formulae are used to estimate sediment transport
capacities at various points along each of the rivers, for a ringe of
hydrodynamic conditions! '
Measurements of suspended sediment movement were made. at various
states of tidal stage and flow, but arc inadequate to properly quantify
sediment transport rates throughout tidal cycles. Therefore, a selection of
sediment transport formulae are applied to estimate transport capacities at
various points in each of the rivers. The demonstrable inaccuracy of such
formulae is acknowledged; the rationale for making such calculations here is
not to predict absolute , masses of material transport, but rather to specify the
direction of net; sediment transport at different points in each of the study
rivers, under different hydrodynamic conditions. While the predicted
masses of material transported may be in error, it is the sense of the results
which is of interest in this analysis. These estimates of transport capacity
•s- •
are later used to help reveal the relative influences of tidal and fluvial forces
in shaping channel form in the rivers.
This chapter is organized into six main parts. In section 6.2, field and
analytical methods adopted in the characterization of river sediments, are
detailed. The physical characteristics of the suspended and bed sediments
sampled are described.in section 6J. Measured rates of suspended sediment
transport - are reported in section 6.4. In section 6.5. a group of sediment
:
• J !
•i 4
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transport formulae is applied to selected sections in each of the rivers for
varying hvdrodyna*ic conditions. Finally, in section 6.6, the key results of.
the chapter are summarized and their implications for channel formation
processes addressed.
6.2 FIELD AND ANALYTICAL METHODS
6-2.1 Suspended sediment
Suspended sediment concentrations (SSC) were measured at selected
sites over full tidal cycles, using gravimetric and turbidimetric methods.
Water samples were collected using a NISKIN oceanographic bottle sampler
and were later analyzed for sediment concentration using the standard
gravimetric method (U.S.E.P.A., 1983). Samples were passed through
preweighed 0.45 urn cellulose nitrate filters (47 mm diameter) using a
vacuum line. After oven drying at 104°C for two days, the filters were
reweighed and the sediment mass was then determined by weight difference.
Most SSC determinations, however, were made using an EIS-5000
turbidimeter, described by Dunkerley (1984). Turbidimetric techniques have
t
been used widely in* estuaries as they enable rapid and accurate
measurements of SSC to be made (Krause and Ohm, 1984; Sternberg et al.,
*
1988).
The relationship between SSC and turbidity (T) in the study rivers was
defined using 16 samples from the South Alligator and Daly rivers. Results of
a simple regression analysis are shown in Figure 6.1. Two separate lines
were fitted to the data, breaking in slope at SSC = 1.3 g/1 or T = 2700 FTU
(Formazin Turbidity Units). Both regressions indicate that R2 = 0.99. with p-«
0.0001. The standard error of estimate for the dependant variable (in this
case, T) was 0.017'for T < 2700 FTU and 0.118 for T > 2700 FTU. These high
degrees of correlation and the low standard errors of estimate indicate Jhat
d
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For T < 2700, SSC
V
For T > 2700, SSC
0.09 + 0.0005 T RA2 - 0.99
1.67 + 0.0011 T R*2 - 0.99
1000 2000 3000 4000 5000 6000
T (f.t.u)
Figure 6.1: Relationship between suspended sediment concentration and
turbidity for 16 samples from the South Alligator and Daly rivers.
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turbidit'y measurements can be used to determine SSC with a high level of
accuracy in macrotidal rivers, in northern Australia. The only cause for
concern is that the slope of the regression line is significantly different at
different ends of the turbiditj spectrum. The reason for this distribution is
unclear, but may be due to <|iffcrences in panicle size; an explanation for
this pattern is attempted bcloiw.
Turbidity readings are essentially a measure of light scattering, which
is in turn related to particle surface area. Consequently, a unit mass
concentration of fine material should yield higher turbidity readings than
the same mass of coarse material. Most of the low concentration samples
were collected around the mouth of the rivers under conditions of low
turbulence and may thus be composed of a relatively greater percentage of
finer particles than would be found in the samples with high SSC.
In a detailed study examining the effect of water colour, particle size
and particle composition on turbidity measurements, Gippell (1988a) found
that particle size was the major source of variation in the relationship
between SSC and T.. It was found that the relationship between particle size
(D) and light extinction (K) could be well defined. For^ two different
turbidimetric devices (models PARTECH 7000 and HACK 2100A). the
relationship between K and d (where 1 urn <,D < 16 urn) could be defined as
... (6.1)
a n d
Kfl = 2.415 D-0-510 (R2 = 0.99)tt
Kn =0.948
18
 (R2 = 0.96) ...(6.2)
where Ka relates to the PARTECH instrument and Kn relates to the HACH. In
a
both cases. K increases exponentially as D decreases. Thus, if we accept that
there is a negative correlation between SSC and relative percentage of fines
in the study river samples, the sense of the results^ presented in Figure 6.1
accord with the general relationships detailed by Gippell (1988a). As it was
beyond the scope of the present study" to more closely define the relationship
\
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between K and D for the EIS 50nn H»«^. .u - ,
uic cii DUUO device, the simple regressions presented in
Figure 6.1 were adopted to convert turbidity readings into SSC values.
A total of 85 suspended sediment samples was collected throughout
spring and neap tidal cycles at various points in each of the rivers to
characterize the size distribution of the materials in suspension and to
examine whether this was modulated by tidal How conditions. Most samples
were gathered in the main channel of selected straight reaches, where
turbulence, and thus mixing of suspended sediments, was greatest. Due to
problems posed by swift tidal currents, proper integrated sampling could not
be conducted throughout the vertical profile. Instead, all samples were - taken
at a point 2 m below the water surface and, therefore, relate -to varying
heights above the bed.
The particle size distributions were determined using a HORIBA CAPA-
500 centrifugal particle size analyzer, located at the Alligator Rivers .
Research Institute at Jabiru, approximately 40 km from the South Alligator
river. Suspended sediment samples collected in the field could thus be
rapidly transported to the laboratory and analyzed. The particle size
analyzer is an optical instrument which measures changes in light
absorbance of a sample as it is being centrifuged. The resulting light
absorbance time series is converted into a sedimentation curve using Stokes
Law. To .ensure that the suspended sediments were adequately dispersed prior
to centrifuging, samples were mixed with a 0.1% Calgon (Sodium
hexametaphosphate) solution, then agitated for 30 mins.
Gippell (1988b) demonstrated that the 'sister1 instrument of the CAPA-
^
500 (the CAPA-300) produced comparable results with those derived using the
widely used Coulter Counter (model TAII). A detailed review of particle size
analysis using optically-based centrifugal techniques is given by Allen
(1981).
The particle size distributions of twelve suspended sediment samples
from each study river were determined using the CAPA-500. The degree of
if:
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particle sorting (So), skewnes, (Sk) and kurtosis '(A were calculated using
graphical methods prescribed by Richards (1982). where
So
Sk
 - (*84 - *50) / (*84 - *16) - (050 - + 10> / (4»90 - 4>10) - (6.4)
a n d
Ku
 = (*90-*lo) /1.9«»75-*25) ... (6.5)
where 4>n denotes the size (in phi) below which n% of the sample is finer.
The nomenclature used for classifying the degree of sorting, skewness and
kurtosis of alt sediments analyzed in this study is summarized in Table 6.1.
ATTRIBUTE RANGE OF VALUES CLASSIFICATION
Sorting (So)
Skewness (Sk)
Kurtosis (Ku)
<0.5
0.5 - 1.0
+ 1.0 - +0.3
+0.3 - +0.1
+0.1 - -0.1
-0.1 - -0.3
-0.3 - -1.0
<0.67
0.67 - 0.90
0.90 - 1.11
1.11 - 1.50
1.50 - 3.00
>3.00
well sorted
moderately sorted
poorly sorted
strongly fine skewed
fine skewed
near symmetrical
coarse skewed
strongly coarse skewed
very platykurtic
p l a t y k u r t i c
mesokur t ic
lep tokur t i c
very leptokurtic
extremely leptokurtic
Table 61: Nomenclature used to classify the degree of sorting, skewness and
kurtosis of all suspended and bed sediments analyzed in this study. All
sorting classifications are based on Richards (1982), except 'moderate ly
sorted'. Skewness and Kurtosis descriptors are those prescribed by Folk
(1968).
6.2.2 Bed sediment measurements
A large number of bed sediment samples was collected for panicle size
determination. The sampling strategy varied greatly between and along the t
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study rivers according to the variability of material noted in the field. Bed
sediments were typically sampled every 2 to 5 km along each of the rivers,
«ith up to five samples being taken a't each cross-section, depending on
channel width. These sediments were collected using a pipe dredge and
stored in scalable plastic bags for transit to the laboratory.
Samples were oven dried at 104°C for 20 hours, whereafter a subsamplc
of 62.5 g was taken for analysis. Organics were removed from the samples
using a hydrogen peroxide treatment and the subsamplc was then cleansed of
salt by covering the sample with distilled water, agitating it and then
centrifuging the resulting slurry at 2500 r.p.m. for 15 minutes before
decanting. After two such washes, the sample was covered with a 0.1%
Calgon (Sodium hexametaphosphat«) dispersant solution and agitated for 5
minutes. The sample was then left to disperse for a minimum of 8 hours,
whereafter it was agitated thoroughly by stirring and sonic disturbance for
45 minutes.
The coarse and fine fractions were separated using a 62.5 u.m brass mesh
sieve. The coarse fraction was oven dried overnight at 104° C, then sieved
using 4000, 2000, 1000, 500, 250, 125 and 62.5 urn brass mesh sieves. Each
individual fraction was then weighed and expressed as a percentage of total
sample weight.
After a further 20 mins of sonic disturbance, the fine paniculate
distribution (> 62.5 u.m) was determined by one of two methods. Early in the
project, the hydrometer method (Folk, 1968) was used. Pre-treated sample*
were decanted into 1250 ml settling cylinders in a constant temperature room
set at 21°C. After 5 mins of agitation in the cylinders, density readings were
taken with a hydrometer at specified time intervals. Later in the project, a
CAPA-300 particle sire analyser was used. The CAPA-300 was located at A.N.U.
and had similar technical specifications to the CAPA-500 used at Jabiru.for
the analysis of SSC samples. Approximately 70 percent of all the bed sediment
particle size determinations in 'th* study were performed using this
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automated method. Results ba«i»H
 nn .u15
 °
ascd o
 toe automated method corresponded
losely to those obtained using the hydrometer method. -
The degree of panicle sorting, skewnes* and kurtosis were determined
-or a total of 25 bed sediment samples from each of the study rivers using the
fnethods and classifications described in section 6.2.1.
\
6.3 SEDIMENT CHARACTERISTICS
6.3.1 Suspended sediment characteristics
X-ray diffraction analyses on suspended sediments from the rivers show
that they are composed mainly of kaolinite (> 80%), with illite and quartz
present in minor and trace amounts (0-20%) (J. Chappell, personal
communication). Results from a large sample of analyses indicate that there
is very lit t le spatial variation in fine sediment mineralogy throughout the
study rivers. =-
In Figure 6.2, typical suspended sediment particle size distribution
envelopes are shown for a mid-river section in each study river. Plotted in
log-probability form, tljesc envelopes contain hourly variation through a
•spring tidal cyc-le at km 61. 48 and 76 in the South Alligator, Daly and Adelaide
rivers respectively. Selected statistics for a subset of the twelve cumulative
frequency curves within each of the envelopes are reported in Table 6.2
along with information on depth of How and current velocity at the time of
sampling. Samples for the subsets were chosen specifically to represent the
fu l l extent of variation.
Despite broad variation in now depth and current velocity, the
, , .. .
 an _.r tu. Hvers are largely contained within asuspended sediments in all ot tne nvcrs BIC i<»6v /
narrow particle size range of 1-8 Jim. The samples from the Adelaide river
are generally finest and those from the Daly are coarsest. The median
. . . . .
 K,.Mi«.cn -25 and 3 0 u,m in the South Alligator, 2.7 andparticle diameter varies between 2..S ana o.u H»
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SOUTH ALLIGATOR RIVER
P(%) 50 -
0 (microns)
DALY RIVER
P(%) 50-
0 (microns)
ADELAIDE RIVER
0 (microns)
Figure 62- Log-probability plots indicating envelopes of suspended sediment
-
>,
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4.0 urn in the Daly, and 2.4 a*d 2.8 urn in the Adelaide. These are small
Inferences, which may be attributable- more to height of sampling above bed
h.ghest in Adelaide, lowest in Daly) than general hydrodynamic factors. '
lability- in panicle size distribution is greatest in the Daly river, perhaps
'ccausc of the sampling closer to the bed.
SAMPLE H
(m)
u
(m/s) Gun)
D50
Gun)
So Sk KU
Gun)
South Alligator river
SA61 - 1 5.9 1.23 6.25 2.5 1.5
S A 6 1 - 5 7.1 - 2.42 6.25 3.0 16
SA61 - 8 10.3 0.10 6.5 3.0 1 4
SA61 - 11 7.8 1.53 6.25 2.75 1.4
1.009 - 0.230 0.959
1.019 - 0.034 0.889
1.104 - 0.039 0.872
1.028 - 0.009 0.996
Daly
DA48
DA48
DA48
DA48
river
- 1
- 4
- 8
- 11
Adelaide
AD76
AD76
AD76
AD76
- 1
- 4
- 6
- 8
5.
4.
*I
river
8.
10.
9.
8.
6
1
4
9
8
4
3
5 »
- 1
0
0
- 1
- 0
- 0
0
.77
.96
.77
.18
.75
.12
.56
0.42
5.9
6.6
6.2
5.75
5.75
6.25
6.0
6.6
3.0
4.0
3.3
2.75
2.5
2.45
2.5
2.75
1.3
1.8
1.4
1.3
1.3
1.3
1.3
1.3
1.141
0.972
1.132
1.009
1.047
1.189
1.085
1.207
0.121
0.257
0.181
- 0.034
- 0.168
- 0.167
- 0.077
- 0.049
0.797
0.883
0.820
0.959
0.912
0.819
1.071
0.833
V
Table 6.2: Selected particle size statistics for suspended sediment samples
from the South Alligator, Daly and Adelaide rivers, indicating flow depth (H)
and mean current velocity (u) at time of sampling. All of the samples were
taken in the main channel, during spring tides, at 2 m below the water
surface. Negative velocity values denote flood currents. The definition of Dn
is that n% of the sample is.finer than the reported value. So. Sk and KU are
•the sorting, ' skewness and kurtosis indices respectively.
All of the suspended sediment samples analyzed were poorly sorted.
Daly river samples were ne'ar symmetrical or fine skewed, while samples
from the other rivers were near symmetrical or coarse skewed. All of the
samples analyzed were either platykurtic or mesokurtic.
.3.2 Bed.' sediment
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3.2.1 General patterns of gravcl/sand/silt/clay distribution
• t
t t
Particle size data for multiple samples, taken from several river cross-
cctions. were pooled to determine the mean texture for each-section in terms
< f the relative abundance of gravel, sand., silt and clay. Results are shown in
Figure 6.3. indicating the variation in mean bed sediment texture along each
of the study rivers. These results are based on samples collected'during the
mid to late dry season period in 1985 and 1986.
While obscuring some of the detail in the available bed sediment
information, the' daTi\presented in Figure 6.3 reveal some fundamental
characteristics-sf the . river sediment distributions. Coarse sands arc found at
the mouth of the South Alligator river, though between km 10 and km 30,
sand content falls away and silt and clay content in the bed sediments
increases markedly. In the South Alligator river, a sand component is
dominant in the sinuous and cuspate reaches, rising to a peak around km 55
in the middle of the cuspate region. Small quantities of gravel are found in
the bed of the South Alligator river, occurring in the ' sinuous segment near
the incised channel around Munmarlary. In the upstream segment, sand
content declines rapidly and the bed is dominated by silts. Bed sediments
along the Daly river are considerably coarser than in the South Alligator.
Sand clearly dominates throughout most of the Daly river, except for the
region between km 60 and km 80, where sand diminishes and silt content
increases sharply. In the upper reaches of. the river, the bed sediments
alternate rapidly between silt and sand, with occasional gravel. In contrast
:o the South Alligator river, the clay content in the Daly river bed sediments
rarely exceeds 10%. The beef sediments of the Adelaide river are generally
coarser than in the other two rivers, with the gravel content frequently
eeding 40%. Sand also constitutes a large percentage of the bed sedimentsexc
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hroughout the length of the Adelaide rive, High percentages .of
 ?i,t are
oted at only a few, locations, near km 40 "and between km 70 and km 80. In
»ese same regions, clay content varies between 15% and 20%.
• 3 . 2 . 2 Main categories of bed sediments, identified
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Chappell et al. (in press) describe sedimentary deposits in the South
Alligator, Daly and Adelaide river floodplains, but do npt describe the range
of bed sediment types found in the channels of these systems. Units defined
by them include estuarine and nearshore sands and muds, mangrove muds,
laminated channel sediments, floodplain clays, paleochannel muds and levee
deposits. They relate these sedimentary units to patterns 'of vertical and
lateral accretion in the deltaic-estuarine plains of the three river systems.
While some of these units are exposed in the river banks, none occur as
active channel deposits. Woodroffe et al. (1986) discriminated between bank,
bed, shoal and ovcrbank sediments in the South Alligator river. While ,
referring to a broad spectrum of bed sediment sizes, they did not adequately
quan t i fy the variation, nor- describe any systematic patterns of bed sediment
distribution. For this reason, a detailed description of the river bed sediments
in each of the rivers is warranted here.
*
While Figure 6.3 provides a useful background to the distribution of bed
sediments in the study rivers, there is substantial variation within the
i c x t u r e groups reported. Moreover, there are systematic differences in the
ca l ib r e of bed sediments distributed across channel sections which deserve
a t t e n t i o n . , ' «~
Six principal channel bed sediment groups are recognized, each of
which has its own type locality in the various rivers. From coarse to fine.
these groups are^gravelly sands (CS), coarse sands (CS), medium/fine sands
(MFS). laminated 'sandy silts (LSS). *ilts (S) and silty clays (SC). These terms
are applied here as general descriptors and are not based on" standard
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cdiment texture group nomenclature. The- reason for this is that, in each of
:e nvers, there is considerable variation in bed sediment texture owing to
- ,xing between these groups and. rather, than adopt a large nomenclature of
< to 20 classes (sensu Folk, 1968). a classification describing the general
.aracteristics of the sediments was applied. In' addition, one of the sediment
roups (LSS) is not based solely on panicle size, but includes a sediment
t ruc tu re descriptor.
The principal bed sediment types identified in each river are plotted in '
log-probability form in Figure 6.4. Selected particle size statistics pertaining
to these materials are detailed in Table 6.3. Representative localities for these
sediment groups in each river are schematized in Figure .6.5.
*»-•
6.3.2.3 South Alligator -river bed sediments
• ?'.*•
' f' '«•
-II
All of the six principal sediment types are widely represented in the
South Alligator river, except for gravelly sands which occur only in localized
deep pools within the sinuous channel segment.
Coarse sands appear in two main localities within the South Alligator
river, these being submerged shoals within the estuarine funnel and high
energy environments within the deeper parts of the sinuous and lower
cuspate channel segments. These sediments have a median diameter of 545
• *
^m and are moderately sorted, fine skewed and mesokurtic.
Medium fine sands (MFS) in the South Alligator river are found mainly
n broad emergent mid-channel shoals in the cuspate segment (see Plate 6.1).
.nd in upstream-biased point bars which form in the flood-lee of sharply -
urving meanders of the sinuous and cuspate segments ^ (see Plate 6.2). The
MFS sediment type has a median diameter of 195 urn and is moderately sorted.
near symmetrical and lep.tokurtic. ^
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Table 6.3: Selected particle size statistics for the principal bed sediment types
identified in the South Alligator, Daly and Adelaide rivers. The definition of
Dn is that n% of the sample is finer than the reported value. The indices So,
S k and KU refer to sorting, skewness and kurtosis respectively. In each case,
the statistic reported represents the mean value of 5 samples.
The laminated sandy silts sediment type (LSS) is characterized by
alternating laminae of coarse silt and. very fine sand of approximately 1-3
mm thickness. Dalrymple and Makino (1989) identified similar sediments in
the Bay of Fundy, Canada, and referred to these as sand-mud couplets. They
'Ppear to originate from successive deposition of coarse suspended load and
me saltation load over a single tide cycle. According to Dalrymple and
lakino (1989), the fine sand component deposits during the higher energy
iood hemicycle. while the coarse silt component settles out at slack high
-ater. A similar couplet is deposited during the lower energy eT)b tide, except
t h a t the sand layer is relatively thinner, reflecting less saltation transport.
Laminated sandy, silts are the primary building material of bed and bank .
form, ,hro..ghn.., the sinuous and cuspate reaches of the South Alligator
l\
.X
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vcr (see Plate 6.3). They are analogous with the lamina^ cHannel
,diments identified by Chappcll ., al. (in prC5s) m South ^ .^  ^  ^
. - , e r cutoff channel fills; and scroll bars. Most segments of the channel
:nks are lined with freshly deposited LSS sediments, sometimes in the form
broad, elevated platforms which tend to form in sheltered locations, such
the- insides of sharply curving, meanders. Laminated sandy silts are also
resent in mid-channel shoals and point bars in the (upper) cuspate and
1 *
iowcr) upstream segments (see Plate 6.4). The LSS sediment type has a
median diameter of 54 urn, is moderately sorted and has a distribution which
is near symmetrical and leptokurtic. While no shear strength tests were
performed on the LSS material*, field observations indicate that the material
is highly uncohesjve. Examples of shear failures in banks composed of
laminated sandy 'silts are illustrated in Plates 6.3, 6.5 and 6.6. Plate 6.7 shows
that banks formed of these materials remain unstable even when they are
colonized by mangrove vegetation.
The silt group of sediments (S) texturally resemble the LSS type, though
are finer and not laminated. The silt type constitutes the bulk of bank and
bed materiall in the upstream segment of the South Alligator river. It has. a
median diameter of 41 u,m, is moderately sorted and has a distribution which
is fine skewed and leptokurtic. An example of freshly deposited silts in the
upper South Alligator is depicted in Plate 6.8. The,pale material at the top of
:he bank in this photo is a fine sandy levee deposit,'described by Chappell et
.;/. (in press). This levee is perched well above the HWS tide level, as shown
it . . .
y the bank-top presence of a young Bombay, australis tree.
The final principal sediment group in the South Alligator, river is the
« l t y clay type (SC). This material is partly composed of fine blue-grey
stuarine clays deposited during the mid-Holocene big svamp period,
.,' .
 ff . .I /iQfl<c^ A tvoical bank exposure of these
-lescnbed by Woodroffe et al. (iVoW. A iyi»^
. A :„ Piat<« ft Q which also indicates fossilcstuarine clays is illustrated in Plate-o.*. wn«.u
mainc which have been dated at around 6000fnangrove and crustacean remains wnicn nave
i
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-ars BP (Woodroffe, et al.. 1986). Silts from the
'
 iys to produce the SC type, which in the South
the sinuous and cuspate segments of the river. Accordingly, the
..meter of 1.7 urn is somewhat coarser than reported by Woodroffe et al.
-86) for pure estuarine clays. The S C type is poorly .sorted, strong.y coarse
owed and leptokurtic.
6.3.2.4 Daly river bed sediments
Only four of the six principal bed sediment types are widely represented
in the Daly river, these being types CS, MFS. LSS and S. The CS type is present
in small quantities in the upper river4but docs not warrant detailed
e x a m i n a t i o n .
The coarse sands grpup (CS) in the Daly river is considerably coarser
t
than in the South Alligator, having a median diameter of 765 .u.m. CS
sediments in the Daly are moderately sorted, near symmetrical and .
leptokurtic. This group is found mainly in submerged shoals in the estuanne
funnel and in the thalweg of the high energy sinuous segment, though large
CS sediments also occur in upper river shoals and point bars. The example
shown in Plate 6.10 is typical of numerous coarse sand point bars in the
upper Daly river. Their elevation above HWS level indicates that they are
ieposited during wet season fluvial floods. In the lower to mid sinuous
cgment, the CS sediment type is the principal constituent of large
ransverse megaripples (sec Plate 6.11).
The MFS type is broadly present in shoals located throughout the
nuous and periodically cuspate segments of the Daly river. While the CS
pe is found principally in the main channel, the MFS component appears
-.ainly in areas sheltered from the main tidal flows, such as upstream of
•neander bends and large CS dominated submerged shoals. MFS sediments are
also the main constituent of some point bars in the upper Daly" river. The
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k l ,ly MFS type is marginally finer than
t i a n diameter of 178 nm. It is poorly
mesokurtic distribution.
Laminated ,andy silts (LSS) in the Daly are prominent along the banks
most of the lower and middle river, particularly throughout the
.odically cuspate and (lower) upstream' segments. As in the South
ngator river, the LSS type is also found in point bars and broad elevated
ink platforms. The group has a median size of 52 Um. is poorly sorted,
x . rong ly coarse skewed and very leptokurtic.
The silt group of sediments (S) in the Daly river is far less abundant
than in the South Alligator. Silts are largely restricted to large submerged
beds near the mouth of the river where they appear to have settled out
during major wet season floods. With a median diameter of only 21 um, the
group is notably finer than observed in the South Alligator. These sediments
are poorly sorted and have a distribution which is near symmetrical and
l e p t o k u r t i c .
Silty clays arc found in small quantities near the mouth of the Daly
river where the cast bank of the funnel is slowly eroding into buried blue-
grey mangrove muds. Unlike in the South Alligator, these materials are
absent in the sinuous segment of the river due to extensive channel
migration and reworking of floodplain sediments.
1.2.5 Adelaide river bed sediments
/ All of the principal sediment types, with <he exception of silty clays, are
1
 Iipresented in the Adelaide river.
Be present in only trace quantities in the other rivers, gravelly
•and, (CS) arc abundant in the Adelaide river. Thcy.are composed mainly of
.uartzite 'and latcritic nodules derived from the Pleistocene surface, into
which the much deeper Adelaide river'channel has cut. .Their median
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i.ameter is about 1760 um. and they arc moderately sorted, with a strongly
t i n e skewed and leptomrtic distribution.
Coarse sands (CS) in the Adelaide river are also much more widely
l.stributed t£an in ,thc other rivers. With a median diameter of 870 um. the
CS type is notably coarser in the Adelaide when compared to the other rivers.
They are moderately sorted, fine skewed and leptokurtic. Both the CS and CS
sediment groups occur throughout the Adelaide river main channel, though
••-*
are concentrated in deep pools on the outside of meander bends.
Medium/fine sands (MFS) in the Adelaide river are also found mainly in
*
deep pools within the main channel, though also in small point bars in the
upper reaches of the river. The Adelaide MFS type has a median diameter of
242 urn, considerably coarser than in the other rivers. These sediments are
moderately sorted and have a near symmetrical and mesokurtic distribution.
• ' •
Laminated sandy silts (LSS) in the Adelaide river are largely restricted
to a thin veneer lining the banks throughout the length of the river and to,
small point cones (similar to point bars, but with much steeper profiles) in
the lower and middle reaches of the sinuous segment. These sediments have
a median diameter of only 26 u.m, which ought classify the group as type S.
The group is denoted here however as LSS, as very fine sandy laminae are
present in these materials. These sediments are poorly sorted, fine skewed
f
and platykurt ic . *
Silts <S) in the Adelaide river are largely confined to point cones and
banks in the middle and upper reaches of the river (see Plate 6.12); their
range thus overlaps with that of the LSS type sediments. These sediments
have a median diameter of 5.8 urn and are poorly sorted, near symmetrical
and .platykurt ic .
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Plate 61: Sandy mid-channel shoal emerging in a cuspate meander, km 67,
South Alligator river Water level is 'approximately 04 m, above LWS View is
looking upstream. See Plate 6.4 for closer view of shoal surface
e.
v.
Plate 62- Sandy point bar in the upstream lee of a convex cuspate meander at
Rookery Point, km 52, South Alligator river. Water level is approximately 03
m above LWS View is looking upstream. Note mid-channel shoal in
intercusp region upstream.
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Plate 6.3: Truncated elevated bank platform composed of laminated sandy
silts, km 47, South Alligator river. Water level is approximately 0.5 m above
LWS. Height of platform is approximately 4 m. This sedimentary feature was
eroded completely during the following wet season.
Plate 64- Rippled surface of a mid-channel shoal, km 67, South Alligator
river.' Shoal sediments are laminated sandy silts. See Plate 6.1 for aerial view.,
of shoal.
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Plate 6.5: Failure of bank composed of laminated sandy silts, km 68, South
Alligator river. Water level is approximately 4 m below top of bank.
.i.s*
Plate 6.6: Sloughing of bank composed of laminated sandy silts, km 33, Daly
river. Sloughing commenced after top of bank was Inundated by a king tide,
and continued for about 3 days, resulting in a total bank retreat of about 0.8
m. As can be seen, significant bank failure occurred despite the presence of
a dense mangrove root network.
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Plate 6.7: Eroded bank composed of laminated sandy silts, km 74, South
Alligator river.
Plate 6.8: River bank, km 83. South Alligator river. Light layer near top of
bank is a sandy levee deposited by wet season overbank floods. Transition to
darter layer denotes level of HWS. Foreground shows freshly deposited silts
burying mangrove seedlings.
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Plate 6.9: Mangrove fades exposure in river bank, Rookery Point, km 52.
South Alligator river Light grey coloured nodules are fossilized Crustacea
and mangrove roots. - .
Plate 6.10: Point bar composed of coarse sands, km 93. Daly river. Water level
in picture is approximately 0.2 m below HWS; top of point bar is
approximately 0.5 m above HWS, indicating depostion by wet season floods.
Note height of river bank opposite point bar. . View is looking upstream.
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Plate 6.11: Transverse megarip'ples composed of coarse sands, km 18, Daly
river. Measurements taken along two 50 m transects indicated that,
wavelength varied between 4 and 7 m, and amplitude varied between 0.2 and
0.4 m. View is looking upstream. Note thin veneer of silts deposited during
previous ebb tide hemicycle.
-*/
Plate 6.12: Point cone composed of fine silts, km 62, Adelaide-river. Wayr
level is approximately 1.5 m below HWS. View is looking ipftream.
6.4 SUSPENDED SEDIMENT TRANSPORT
5A1
 SPatial and temporal "ariahilitY ^ g<fr-
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While suspended sediment transport is one of the most visible processes
occurring in estuaries, it is also one of the hardest to characterize/ Wide
spatial and temporal variation in suspended sediment concentration (SSC)
occurs in the study rivers 'as a result of (i) large tidal variations of current
<*
velocity and How depth, (ii). large variations in- current velocities across „
channel sections, (iiij salinity- and sediment-induced buoyancy effects -V
which -modulate mixing processes both through the vertical profile and
along the rivers, and (iv) highly variable wet season Hooding regimes.
These factors place fundamental constraints on the field estimation of total
suspended load passing aay given cross-section.
Measurements of SSC were thus made opportunistically, namely
whenever current velocities were being recorded. The types of sampling
included (i) continuous or semi-continuous sampling at fixed joints, (ii)
intermittent vertical profile measurements at fixed locations, and (iii) near
simultaneous measurement of SSC across channel sections at a selected depth.
* -
As stated in section 6.2.1, both gravimetric and turbidimetric determinations
of SSC were made, the latter being more satisfactory in the sense that they
permitted far more 'measurements to be made.
6.4.2' General trends '" SSC the study rivers
v *
Woodroffe et al., (1986) reported dry season. tidal cycle SSC ranges of
(-.
about 0.3 - 3 g/T for several sections upstream of kin 20 in the South Alligator
river, with a general tendency for higher concentrations in the upper river.
For wet season floods, they 'report concentrations generally below 0.2 g/f and
only occasionally exceeding 0.5 g/1: These low values compare closely with
•V <U
• • ' . - ? •
iM
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SSC measurements reported by Duggan (1988) for small. headwater ..
catchments in the South and East Alligator river basins. From 3.703
suspended sediment samples collected from five catchments over a period of
six years, Duggan (1988) concluded that the median SSC for undisturbed
catchments in the region was 0.08 g/1. Coupled with the wet season SSC
observations of Woodroffe el al. (19860, these data indicate very low rates of
sediment delivery from the catchments to the tidal rivers! High dry season
SSC in the estuaries must therefore be attributed to reworking of sediments
trapped within the tidal river. '
The dry season SSC data collected in the South Alligator river during the
course of this study accord with field observations reported by Woodroffe et
al. (1986). Table 6.4 reports ffie extent of variation* in peak, mean and
minimum SSC measured through various tidal cycles at selected locations
<• along each of the three study rivers. In the South Alligator river, the^re is a
general tendency for SSC to- increase with distance upstream. This may he
attributed to increasing turbulence generated by an upstream increase in
flood tide velocity and a decrease in flow depth. During spring tides when
turbulence is most pronounced, SSC of near-surface waters frequently
exceeds 3 g/1 in the main channel of the upper river, while the tidal cycle
mean value is around 2.3 g/1. The comparative peak and mean SSC values .
near the mouth for spring tides are 1.09 g/1 and 0.45 g/1. While this general
pattern is maintained for neap tides, the sediment concentrations are
- considerably lower. At km 58 and 75. the peak SSC for neap tides is about 20%
lower than that attained during springs. In the lower river, neap
concentrations are much lower than spring values; roughly 50% lower than
during spring tides at km 42 and 80% lower at the mouth.
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1.01
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0.01
0.04
0.05
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0.10
0.33
0.02
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G,v
G.v
T.p
T,p
T.p
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Adelaide river
76
57
39
6
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22/10/86
24/10/86
16/9/85
S
S
S
S
9
9 -
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0.38
0.44
0.36
0.17
0.29
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0.19
0.20
0.13
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Table 6.4: Variation in maximum, mean and minimum SSC (g/l) through full
tidal cycles at various stations along the South Alligator, Daly and Adelaide
rivers. The number of samples collected throughout each tidal cycle is given
as n. S denotes spring tides, N denotes neaps. Turbidimetric determinations
marked T, gravimetric marked G. y denotes single sample in main channel
taken at LO m below surface, P denotes average of data from four stations
across channel, each taken at 1.0 m below surface, e denotes data averaged
from 9 stations, each with measurements at surface and 1.5 m below surface.
n
Suspended sediment concentrations measured in the Daly river were
*lower than those observed in the South Alligator. Peak spring SSC - in the
*
near surface waters (averaged across the channel) varies from 2.31 g/l at km
12, ur 1.30, 1.07 and 0.47 at km 48, 62 and 93 respectively. Clearly, the trend in
$
the Daly river is for steadily decreasing SSC with distance upstream, which
again Is consistent with observations of turbulence altfnjf the rivers. While
tidul • asymmetry increases with distance upstream in the Daly, tidal range
and current velocity decrease substantially. Also, continual freshwater
inflow into the river throughout the year tends to damp any tide generated
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turbuience in th.
 upper reache,
decreases wiu, dis.anct upstream, though ,h. reductions from spring tide
values are much less ,har, otservcd „ lhe ^  ^ .^  ^ ^  ^
of SSC are generally ,0-20* iower than spring ,ide vaiues. .hough in some
instances they are marginally greater.
*i
SSC values in the Adelaide river were substantially lower than recorded
in the other two study rivers. Peak SSC through the upper Adelaide river
varies between 0,36-0.44 g/1 and the mean range is 0.24-0.29 g/1. Near the
mouth at km 6,.the peak SSC recorded was 0.17 g/1 and the mean value was
0.08 g/1. These tower concentration's arc again consistent with lower levels
of tidSlly generated turbulence. There does not appear to be any systematic
trend in SSC variation along the Adelaide river. ' •
k
6.4.3 Tide cvcle variations in vertical profiles of SSC
••*a
Wolanski el al. (1988) describe tidal variations of vertical SSC profiles
and in continuous SSC at a fixed height above the bed at a single location
»••
within the South Alligator river. Figure 6.6 illustrates some of their results
regarding temporal variation in SSC at 0.3 m above the bed in the main
channel at km 73. Near-bed SSC was monitored continuously over 48 hours
using a moored ANALITE nephcjometer. Also shown are simultaneous
records of tidal stage and current velocity. The data reported by Wolanski et
al. (1988) indicate that near-bed SSC is consistently higher than the near-
surface values reported in Table 6.4. Their results also show the following
features: (i) peak SSC values correspond to periods of slack water which '
occur about tide reversal (visual observations of slackwater are denoted by-
asterisks in Figure 6.6), (ii) near-bed SSC values are higher during the ebb
tidal pha« than during the flood, despite the fact that- flood velocities are
higher, (iii) peak ebb tide SSC near the bed is attained shortly after the time,
of peak currsM velocity, and (iv) neir-bed SSC Ininima generally occur soon
'..I
(' -
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Figure 6.6: Data of Wolanski et at (1988) showing relationship between near-
bed SSC, tidal stage and current velocity in the main channel, km 73, South
Alligator river. SSC was determined with a nepholometer placed 0.3 m above
the bed. Current velocity and tidal stage were measured using techniques
described in section 5.2 of this thesis. In current velocity diagram, open
circles denote velocity at 0.2 m above bed, while crosses, solid circles and
squares denote velocity at 0.7, 1.2 and 1.7 m above the bed respectively. Time .
axis shows day number in September 1986. Asterisks denote visually
observed periods of slackwater.
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maxima during ebb tides conflicts with observations reported earlier of
near-surface SSC peak during flood tides (see Table 6.4).
By examining a large number of vertical SSC profiles. Wolahski « al.
(1988) showed that these patterns could be explained by sediment indued
buoyancy effects which inhibit sediment mixing through the vertical
profile. They showed that profiles were typically well mixed during
*
turbulent flood tides, but that a sharp lutocline often developed during the
ebbs, with high SSC below and low SSC above it. Lutoclines form where high
SSC dampens vertical mixing. During the ebb phase, there is insufficient
turbulence to break down the SSC-induccd buoyancy gradient so the finite
supply of suspended material is concentrated in the near-bed region. The
lutocline does not form during the flood tide hemicycle. as depths are low
when the' velocities arc high and turbulence is generally stronger than
*
during the ebb..* As the flood tide rises, progressive redistribution of sediment
through the profile results in a gradual reduction in near-bed SSC.
Based on the above observations, Wolanski et al. (1988) developed a
numerical model to simulate sediment induced buoyancy and its effect on
vertical mixing. Their model predictions for the shape of the vertical profile
of SSC through a hypothetical tidal cycle confirm that (i) vertical mixing is
inhibited by lutocline formation only during the ebb tide, and (ii) due to
complete mixing, near-bed concentrations are relatively low during peak
flood current velocities.
Similar trends were noted in the present study in a small set of SSC
profiles measured above a point shoal at km 75 in the South Alligator river.
Sharp lutoclines as reported by Wolanski et al. (1988) were not observed,
though current velocity and tidal stage modulated the SSC profile in similar
ways. Figure 6.7 illustrates neap tide variations in water depth, current
velocity and SSC profile over the shoal. SSC was determined using the EIS
5000 turbidimeter. All profiles show an increasing SSC towards the bed. The
• H
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Figure 6 ?• Neap tide variations in tidal stage, current velocity, and SSC
profile over a point shoal at km 75. South Alligator river. 27/10/86.
(a) indicates changes in tidal stage (D) and mean current velocity (u), (b)
indicates different SSC profiles through the ebb tide hemicycle. (c) indicates
different SSC profiles through the flood-tide hemicycle. H denotes depth of
flow over shoal.
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difference in SSC between the upper and
 Iowcr parts of ^ profile ^  a
maximum near time, o^slackwater and is smallest during periods of-higher
velocity or greater turbulence, reflecting a higher degree of mixing. Top-to-
bottom differences of *SC are generally'larger during the ebb phase than
through ' the flood because of less complete mixing.
It is likely that inhibition of vertical'mixing .of suspended sediments has
•important consequences for patterns of net sediment transppn in the South
Alligator river. Where mixing is inhibited during the ebb phase but not
during the flood, there should be a tendency for greater upstream transport
of fine sediments due to enhanced entrainment. Whether SSC is high enough
to produce buoyancy gradients in the Daly and AdelaidQ rivers is unclear and
• '
warrants testing. Models aimed at estimating suspended sediment load for
rivers such as the South Alligator should consider the kinds of mixing effects
referred to above. At a minimum, SSC sampling methodologies should be
sensitive to tidal phase controls on the vertical profile of, suspended
sediment, if realistic estimates of load are to be made.
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6.5 SALTATION LOAD ESTIMATES
6.5.1 The need for saltation load estimates
»•'
In Chapter Four it was shown that the pattern and rate of channel
change in the South Alligator, Daly and Adelaide rivers differ markedly. In
the Daly river, aerial photo interpretation, radiocarbon dating of channel
deposits and visual.observations indicate rapid downstream migration of.
sinuous meander* (up to. 65 m/yr). . In the Adelaide river, on the other hand,
aerial, photo evidence and radiocarbon dates from point bar deposits reveal
virtually no channel migration, over the last 2000 years (0.01-0.1 m/yr).
Similar measurements from the South Alligator river suggest that it has
recently passed from . phase of active channel migration to one of relatively
s,ab,e channd. condition, The «
in ,hc
plllems .„„ of
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sediment transport.
In earlier sections of this chapter, it was shown that the primary^
and bank forms within each of the three rivers are composed of silt and fine
sand and it was argued that these materials move mainly by saltation. The
aim of this section is to estimate and compare ebb and flood saltation load
transport capacities along the three study rivers, under a broad range of
hydrodynamic conditions.
6
-
5
-
2
 Common Problems associated with ^timating saltation inan
«§
. U V''
$ l f i
A number of different techniques may 'be used for determining rates of
saltation load transport. The most direct method is to install a sediment trap
of some kind near the channel bed (Leopold and Emmett, 1976; Reid et al.,
1980; Hubbell et al.. 1985). Problems with this approach are that (i) a large
number of traps need to be deployed in large rivers to derive meaningful
estimates of load, and (ii) the traps need to be checked frequently to properly
measure rates of sediment movement. Because of the practical difficulties of
deploying traps in high energy tidal rivers, sediment trapping techniques
could not be applied in this study. Erosion pins and scour chains are other
conventional tools used to assess rates of net bed load movement. Early in
this study, 3 m long erosion pins were used to infer erosion and
 (j\
sedimentation rates .from changes in elevation of mid-channel shoals and 1
P9int bars. However, erosion rates were .so rapid that pin recovery rates
were very low and this sampling technique was abandoned.
As no direct field measurements were made of saltation load transport in
the study rivers, estimates were made by applying a number^ sediment ^
transport formulae to the flow, data produced by the tide ofcel.
principal forms of error may be anticipated with such an approach, ret
v -£; :isy :•• t:
• 1
• - rfl
• m
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to (i) the simp,ifying assumption, of the transport formulac u$cd, ^ (|i) ^
g^oss generality of the now data used in the calculations. -
It has long been recognized that all sediment transport fofnu.ae have
various inadequacies which overproduce erroneous Ld estimate, Some
common weaknesses of sediment transport formulae include (i) the adoption
of a single mean panicle size, ,(H) their neglect of bcdform effects on
entrapment and transport, (Hi) assumptions of infinite sediment supply, and
(iv) their empirical and thus non-general nature. Several studies comparing
»
the relative accuracies of different transport formulae have been conducted
(see for instance, Hcan and Nanson. 1984; Lewis and Hrffng. 1986; Bechtlcr
and Vetter, 1989).
By electing to use current velocity and discharge data generated by the
one-dimensional tide model as the basis for making the transport
calculations, a further source of error is introduced. The assumption of a
mean velocity through, the vertical and across the channel is clearly a gross
simplification, though it is obligatory here on the grounds that better flow
»
data are not available. Several studies have revealed that considerable
variation in saltation load transport rate 'occurs across cross-sections due to
variation in shear stresses (Dietrich et al., 1979; Dietrich and Smith. 1983;
1984). Calculations were thus made only for regular cross-sections where
variation in shear stress was minimized.
6.5.3 Sediment trapspnrt formula* used to estimate saltation load
There arc a great many bed and total load formulae in use in standard
engineering practice, but central to all of these is the concept of a threshold
flow velocity for particle entrapment. Defending, on the equation used,
once the 'critical flow intensity for initiation of particle motion is attained,
transport rate generally increases, as a power function of current velocity
*"#••
(u), shear velocity (u,), bed shear stress ft \«rcss (t0)
These quantities are variously defined by
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mean stream power (o»).
a n d
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where
 Pw is the density of water, g i, acceleration due to gravity, d is depth of
flow and s is bed slope. Fuller definitions of these terms are given by
Schlichting (1968), Richards (1982) and Rhoads (1987). Comprehensive
reviews of the broad range of sediment transport formulae available can be
found in TACPSM (1971), White et al. (1975). and Garde and Rang Raju (1985).
One of the earliest formulae used to compute bed sediment transport rate
was the du Boys (1879) equation, in which the sediment discharge rate (gs) is
calculated as
8$ = VD To<To - Tc>
where y^ 's a coefficient relating to particle size and tc is the critical shear
stress required for particle movement (TACPSM, 1971). This formulation
became the basis of a series of equations known as 'tractive-force' formulae
(Richards, 1982), a prominent example of which is the equation developed by
Meyer-Peter and Muller (1948). Such equations consider only the critical
sheaf stresses required to initiate particle movement and neglect other
important processes such as particle lift and settling. Accordingly. - these
formulae are best suited to estimating gravel and cobble transport where the
mode of movement is solely rolling, not saltation. As the present study is
concerned with the transport of fine and medium sands which move by
saltation, such traciive-force formulae were deemed unsuitable.
Three different sediment transport formulae are applied in the current
study, each of which may be described as a total load transport equation.
These are the Bagnold (1966), Engelund-Hansen (1967) and Ackers and White
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(1973) formulae. As an alternaiivf "»« .k
«n alternative to these equations, a cumulative unit
stream power quantity was also calculated. ,.?
From general physics, Bagno.d (1966) developed an equation based on
stream power expenditure, where the sediment transport rate per unit width
of bed (qT) could be estimated as v •
QT -«• (CK/ tan * + 0.01 u./o>0) ... (6.i0)
where. eb is the transport efficiency (- 0.15). + is the angle'of bed material
intergranular friction (or repose) and o>0 is the particle fall velocity, given
by Stokes Law. This is written as
co0 = 0.0555 D2 (p, - pw) g / u ... (6..! D
where D is the particle diameter, p, is the relative density of sediment and ji is
the dynamic viscosity of water. This transport formula has been derived
*
from experimental studies in flumes, as well as natural rivers. Bechtler and
Vetter (1989) found that the Bagnold equation produced the near-best load
predictions of when compared against 15 total load transport formulae
applied to a range of large alluvial rivers. However, the use of the equation
in tidal environments has attracted criticism from Yang (1986).
In the Engelund-Hansen (1967) equation, qT is computed as
qT = 0.05 Y, u2 (d S)'-* / D50 (ps - I)2 g°-5 ... (6.12)
where YS '« the specific weight of sediment and D50 is the median particle
diameter. This formula has been successfully employed in tidal creek
contexts by Wolanski et al. (1980) and^h'as been quoted by Lewis and Hwang
(1986) and TACPSM (1971) as one of the most accurate sediment transport
equations available. Interestingly, Hean and Nanson (1984)'"reported that Jhe
Engelund-Hansen formula behaved amongst the best in a battery of
equations applied to gravel, bed streams in New South Wales.
A more complex treatment of sediment transport processes is found in
the Ackers and White (1973) formulation.' This formula employs the concept
of a dimensionless grain diameter (D,), defined as the cube root of the ratio of
9
immersed weight ef the particle to viscous forces and denoted by
•,'7V
'-'
;0u.
'i
£
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S ' ' r* / /^ I -ax
where D35 is the diameter for which 35% 0
The Ackers and White formula is partitioned
'transport function', each of which is coinput
derived coefficients and exponents which relate to D.. This set of coefficients
and exponents arc derived as follows
Cf* 1.0 - 0.54ipg D, ...
 (614)
log C2 * 2.86- log D* - (k>0D*)2 - 3.53
 (6 15)
•- 0.23 / (D.)0-5 + 0.14 ...(6.16)
' 9.66 / D* + 1.34 ...(6.17)
The mobility function (F«) describes thc ratio of bed shear forces to the
immersed weight of thc sediment and is written as
F, = (u«cl / g P35 (p$ - 1)0.5 ) (U / (3^)0.5 ]og (a <j / D))l-Cl (6 lg)
where a « 10 for fine sediments. Thc transport function (G*) is then
computed as
G* = C2(F,/C3-1)C4 ... (6.19)
Finally, sediment concentration (C) is calculated by
C = (G«p $ D 3 5(u /u* )C 1 ) /d ...(6.20)
The cumulative mean stream power function (a>lot) was calculated as the
sum of all values of mean stream power (<o) per unit time (Af). for a given
tide hemicycle, a s . . .
' . • - t'
t ... (6.21)
where f and t are the times of successive low. and high water and co is
calculated using equations (6.7) and (6.8).
As bed slope (s) was difficult , to parameterize, all of the transport
'calculations were made using' thc water surface slope <•„). r«her than the
5.7). The water surface slope was determinedbed slope as shown in equation (6.
as
sw « Z2) / * ... (6.22)
V /
•**•;
'£:•
:••&•
.••£
•**;
'-'%'
where
 Zl and z2 are simultaneous water *»,*„ i" -
»M» water surface elevations relative to datura
.at two stations, separated by a distance (x) rf between 2-5 km.
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6.5.4 Application of the «Mimrm lmmn f| ^
S
Sediment transport capacities were calculated by applying the transport
formulae to, tide model estimates of current velocity and, now depth. D50 was
set at 100 urn and D35 was set at 60 jtm. These values were s^cted to
represent tW sediments of the primary bed and bank forms; Figure 6.4
indicates that in each river, "100 jinx is a good average of the D50 values for
laminated sandy silts and medium fine sands.
Calculations were made for each of the three rivers for spring, neap
and intermediate tides under dry season and selected wet season conditions.
The cumulative mean stream* power function was computed for a range of "dry
season tidal conditions only. . »
Of the thirty or so sections modelled in each of the rivers, five were
selected for application of the transport formulae. In selecting these
stations, care was exercised to obtain a good coverage along each of the j
rivers and to select sections where cross-sectional variation in shear sires
1
 *
was minimized. Transport estimates were made for' each of these 15 stations
for spring, neap and intermediate tides, under dry season conditions as well
as,for fluvtlLfloods with 2 and 10 year return periods. In each case,
transport cal/lations were made over two ebb and two flood tide hemicycles
at every tide* model time step (i.e.: every 12 mins). Results were then summed
to yield a total daily load; positive values indicated net downstream transport,
negative values indicated net upstream transport.
For each station, a mean daily transport capacity (Tav) was, calculated by
averaging daily spring, intermediate and neap tide results. . The following
averaging procedure was used:# ^
... (6,23)
' . • " ' ' / ' • " 259
where Ts, Tj and Tn 'refer to'Up/total transport capacit estimated
intermediate and^neap- tid^ Respectively.' This procedure was adopted as a
parsimonious .-alternative to running ,he mode, over , full fortnightly tide
cycle and integrating the results. Computations of T, Ti( Tn and Tav were .
performed using -. each transport equation.
Results^of the sediment transport calculations are reported in three
main forms. Firstly, Table 6.5 shows the relationship between current
velocities and discharges and the predictions of sediment concentration and
load based> on the three transport formulae. Secondly, Table 6.6 reports the
ratio of mean daily flood to mean daily ebb transport capacity, as computed
> ' * *.
for all 15-stations using each of the transport formulae and the cumulative
stream power formulation, thirdly, Table 6.7 details the number of 2 and 10
year flood days required to balance the dry season, transport capacity
accumulated over 33"0 days as computed for all '15 stations using the transport
formulae .only. . . . '*
6.5.5 Overview of, velocity, discharge and • sediment transport relations
A subset of the dry season sedimen^ransport calculations for each
river is shown' in Table - 6.5. Parameters, reported are moan and peak current
' .' "*•
velocity, mean and peak discharge,, then mean' and^ peak sediment
*! ' ' •
Concentration and total sediment load predicted using the Engelund-Hansen
- (E-H), 'Ackers and White (A/W) and Bagnold (BAG) formulae. Results are -
give^n frfr two stations/in .each river; for.single 'ebb' and,Hood' hemicycles of
intermediate tides. ,
Each of* thei equations predict average sediment concentrations (Cav) of
- between .0.0005 and 0.5 g/1. Of the three formulae. ;BAG>Predicts the highest
values; these are °1.5 to 4 time* those predicted using E-H and 5 to JO time.
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those predicted using A/W. Field observations from thc upper South
Alligator river pennit a partial evaluation of these calculated transport rates.
Table 6.5 shows that the mean sediment concentration predicted using
E-H for km 77 is 0.029 g/I fiy*
 cbb lide hcmicyclc ^  Q ^  ^ ^ ^
flood tide. Comparative estimates based on A/W are 0.001 g/1 and 0.178 g/1.
while BAG gives 0.118 g/1 and 1.107 g/I. Field observations of SSC are much
higher than these estimates. TableNU shows that the tide cycle average of
near surface SSC at km 75 in -the South Alligator was 2.25 g/1 for spring tides
and 1.79 g/1 for neap tides. Wolanski et al. (1988) found the average SSC at 0.3
m above the bed at km 75 to be about 4 g/1 during two days of monitoring
through spring tides (see Figure 6.6). However, direct comparison of
observed SSC values and estimates based on the transport formulae is not
possible. This is because the transport formulae were applied to represent
saltation load with D$Q = 100 urn, whereas the field observations reflect
suspended load in the case of the near-surface SSC data (Dfo = 3 urn) and total
load in the case of the near-bed data (3 am < 050 < 100 urn).
As pointed out in section 6.5.4, the D$Q value of 100 ^m used in the load
calculations was selected to determine the capacity pf ebb and flood tides to
transport fine sand-size bed sediments moving as saltation load. Thus it is not
surprising that the predicted concentrations are around 10 to 15 times
smaller than observed values of near-bed^ SSC. Field observations indicate
that the sediment in motion in the tidal rivers is dominated by silt- and clay-
size particles; sands probably comprise no more than 10% of the total, load.
This finding is consistent with experience in fluvial mixed load rivers, where
bedload is commonly 3-11% of total load (Schumm. 1971; Schumm, 1977; .
*?
Emmett, 1981; Mea^e, 1987).
 t -
Taking*this observation into account, the sediment concentrations ^
estimated using the transport formulae appear realistic. The- Engeiund-
Hansen and Bagno.d equations appear tojpvc the Dest results; the. Ackers and
White equation predicts realistic Hood tide* sediment concentrations, but ebb
1
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Ud. =S,iraa,es arc c,car,y fa, loo ,ow. ^ „
Whue (,973) found
 slmilar prob,OTS „
British estuary with high tidal nnaf TK •sn uaai range. Their comparison of observed and
predicted loads revealed overestimates of Hood tide transport and
underestimates of ebb -tide transport, raising some doubt about the suitability
of this formula for application to tidal Hows.
»•
An important finding is that a^ of the transport formulae predict flood
tide sediment concentrations to be significantly higher than those occurring
f
during ebb tides. This is due to the strong dependence of the sediment
\
transport rate on current velocity; in most equations sediment transport per
unit width of bed (qj) is roughly proportional to the cube of current .velocity
<
(u3). The strong asymmetry of tidal currents in the rivers produces flood
tides which have shorter duration, but appreciably higher current
velocities. In the following sections, the importance of this upstream bias in
sed-iment transport is investigated more fully.
•"' \ '
6.5.6 Drv season estimates of sediment transport capacity
6.5.6.1 South Alligator river results
Table 6 6 indicates that all the transport" formulae used predicted net
^
upstream transport throughout the river during the dry season. Using the
Engelund-Hansen formula (E-H). the mean flood tide transport capacity
.exceeded that of the ebb by a factor of about \ afckm 20, 5 at km 64 and by a
factor of about 7 at km 91. Results based on the cumulative stream power
formulation (cotot) *ere similar; flood/ebb ratios of transport capacity were
about 1.5 at km 20. 3 at km 64 and 7.5 at km 9 1, Excepting the results from the
_most upstream, stations, the Bagno^l equation (BAG) yielded generally similar
results to those computed us^ng cotot; this is not. surprising given that the «,tot
formulation- is a kernel of the Bagno.d formula. >tly different results were.
t_ • t
ob,a,ned uslng ttu Ackers
raUo of
 lranspon capadly waj
and 91 respectively.
'263
foralula the
I
STATION
South Alligator
20
45
(54.
77
91
nver
Dalv river
21
37
56
79
• 9 0
Adelaide river
19
40
63
76
96
E-H
1.82
3.57
5.19
5.60
6.98
0.38
3.49
5.15
32.12
81.64
1.02
2.03
1.66
1.89
0.31
A/W
— —
10.02
23.83
39.63
180.97
87.23
0.26
61.35
124.08
*
*
3.42
6.65
4.22
6.46
0.06
BAG
1.39
1.83
2.96
3.54
3.73
0.54
2.10
2.80
9.66
10.14
1.11
1.40
' 1.29
1.30
0.42
Wtot
1.42
2.46
3.22
3.91
7.69'
0.46
2.47
3.56
- 14.76
26.73
1.09
1.61
1.40
1.50
0.41,
Table 6.6: Ratios of mean daily flood to mean daily ebb transport capacity
during the dry season at various points along the Sqpth Allijktor, Daly and
Adelaide rivers. Data shown are based on calculations made using the
Engelund-Hansen (E-H), Ackers and White (A/W), Bagnold (BAG) end
cumulative mean stream power (co tot) formulations. * denotes ^negligible ebb
transport.
31
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6.5.6.2 Daly river remits
Similar degrees of upstream bias in transport capacity were indicated in
the'lower Daly river as for the South. Alligator, though the extent of Hood
dominance was significantly greater upstream of km 60. Table 6.6 shows that
using E-H. the mean, dry season flood tide transport capai^ exceeded that of
264
»» stauoas. „,,
 flood/ebb ,„„, ^ ^ ^  ^  ^  ^  ^ ^ ^
10. while using olol, comparative ratios of 2 5 n «,H r>r a«u» 01 ^.3i j 5 ^  27 were estimated.
Again. .imilar remits were obtained using BAG and cotot, with some departure
resulting at the most
 upstream stations. The AAV foliation again indicated,
significantly higher rates of upstream bias in transpor, capacity. Using this
equation, the flood/ebb ratios in transport capacity at km 37 and 56 were
around 61 and 124. with virtually no ebb directed transport occurring
upstream of km 60.
6.5.6.3 Adelaide river results
«
**?
Estimates of the magnitude of upstream bias in transport capacity along
the Adelaide river were much lower than reported for the other two study
t
rivers. Table 6.6 indicates that using E-H, mean flood tide transport capacity
exceeded that of the ebb tide by a factor of around 2 at both km 40 and 76. The
i
comparative flood/ebb ratios yielded using BAG and o>tot were around 1.5 for
both stations. Again, the A/W formulation indicated higher -rates of
upstream bias in transport capacity, though only by a factor of about 3 or 4.
The comparative flood/ebb ratios in mean transport capacity at km 40 and 76
estimated using A/W was around 6.5. For km 19. all of the formulae,'
excepting A/W. predicted equivalent ebb and flood transport capacities. All
formulae indicated ebb dominance in dry season transport capacity in the
uppermost Adelaide river, the fjood/eb* ratio being" about 0.5 at km ^6 using
 (
E-H. BAG and c0tot. and about 0.05 ufrig A/W.
6.5.7 vv>f Mason rfttlma'tff* of srdim<>nf transport capacity
Having estimated the mean flood and *nean ebb" transport, capacities '
ylong each river, for dry season conditio^ tl* tide and transport
'•
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conations were repeated to examine the ef;ect of fluvial flood, with 2 and
daily dry season transport capacity (U,
 mcan flood lcss mcan cbb Qr vjcc.
versa depending on which was "the larger component) was multiplied by a
period of 330 days, representing the average length of dry season flow
. conditions. Estimates of the number of 2 and 10 year flood days required to
balance these 330 days of dry season transport were then made for each
station. The results of these computations are summarized in Table 6.7.
1
 *•
*
6.5.7.1 South Alligator river results
*
All three formulae indicated that a very large number of standard flood
, days would be required to balance the dry season transport capacity
accumulated over 330 days. The 2 ye.ar floods (with a sustained fluvial
discharge of 500 ;m3/s) had virtually no effect in redirecting sediment
seaward in the lower 50 km of river. At km 77, the number of 2 year flood
days required to balance the dry season transport- was 177, 1216 and 124 using
E-H, A/W and BAG respectively. Considerably fewer 10 year flood days (with
sustained fluvial discharge of 1500 m3/s) were required to counter the
cumulative dry scas'on transport capacity. At km 77, 11 10 year flood days
were needed using E-H-, 8 'were required using A/W and 3 were required
using BAG. In the cuspate segment at km 64 however, the number of 10 year
••
flood days require^ was 114, 340 and 81 respectively.
6.5.7.2 Daly river results
, •./" .
./'*"
A far smaller number. of standard flood days were required in the Daly
river to counteract the cumulative dry season transport capacfty. For 2 year
floods (with a sustained fluvial discharge of 1806 m3/s). less than a day
quired at kn/56 using all three of the lotal load fonnul* .For 10-year
was
il
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cumulative dry season transport, at km 56.
required the
STATION
.
(km)
2Y
-
E-H
10Y
• — •
2Y
—
A/W
10Y
•
2Y
.
BAG
10Y
South All igator rjv f t r
20
45
64
77
91
*
*
1409
177
9
342
450
114
11
0.5
*
*
5091
1216
6-
3282
340
8
0.1
*
609
124
11
152
145
81
3
1
Dalv river
21
37
56
79
90
Adelaide
19
40
63
. 76
96
*
16
0.6
0.1
0.1
river
26
248
§3
44
#
*
• 1
0.1
0.1
0.1
8
46
8
3
#
*
12
0.1
0.1
0.1
149
1358
140
71
M
*
0.1
0.1
0.1
•0.1
28
71
3
1
#
*
' U
0.9
0.4
0.3
6
176
59
36
#
^
2
0.2
0.1
0.1
If 2
37
10
4
#
Table 6.7: Number of 2 and 10 year return period flood days (2Y and 10Y)
required to balance 330 days of dry season transport, as calculated using the
Engelund-Hansen (E-H), Ackers and White (A/W) and Bagnold ( B A G )
formulae at various points along the South Alligator. Daly and Adelaide
rivers. * de-notes negligible net downstream transport, # denotes negligible
upstream transport.
6.5.7.3 Adelaide river results
.
The number of Hood days retired to balance net dry season transport
•
>
in the Adelaide river was found to lie somewhere between the numbers
estimated for the South Alligator and Daly riyktrs. At tan 76, the number of 2
year Hood days (with.a sustained fluvial ^charge of 250
 m3/s) needed was
44, 71 and 36 using the E-H, A/W and;.UAG formulae respectively. .At the same
site/the number of 10 year Hood <Jay%$th a sustained flu^al discharge ,of
1
800 m3/s) required was 3, 1 and 4 days,
were 8, 3 and 10 days.
At km 63, the comparative values
6.5.8 Discussion
5 season transport capacity estimated
patterns of strong tidal asymmetry
BAG and ti)tot formulae appeared to give
k; transport capacity^ while in most cases the
produce an unreasonable bias in the upstream
nation is consistent with the findings of Ackers and
White (1973j|pio suggest that the formula may not be well suited to tidal '
envi ronments .
^ i
Significant findings/were the large number of flood days estimated for
the SOJUM Alligatojt^and the small number of flood days estimated for the Daly,
*y '^to balance the cumulative dry-season transport capacity in each of these
rivers. Given the.lack of observational data on wet season hydrodynamics
and total load fluxes, it is difficult to evaluate the accuracy of the estimates,
though several potential sources of error can be identified.
It is possible that the crude tyisin-scaling method used to estimate
fluvial flood discharge magnitudes for given, return periods has resulted in
large underestimates of wet season fluvial input in the South Alligator river.
The unreliability .of this method has already been acknowledged, though it is
unlikely that the error'in transport estimates can be attributed solely to this
source. Good estimates were available from the Daly river, which has a
catchment around five times' the size of the South Alligator river basin. The
known discharge of a fluvial flood with a two year return period in the .'Daly
is 1800 m3/s, while *e comparative figure estimated for the South Alligajor
over is 500 m3/s. Even if the South - Alligator river figure is underestimated
by 50 or 100 percent, the number of 2 year flood days: required to balance >
*
'§•
'•'•*§;
, •*-*Tiv"
•'.'.*•'•'-:'
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cumulative dry season tranfport at km AA M
aniport at km 64 would range between 200 and 700
depending on the formulaV used.
The shortcomings of sediment , transport formulae were referred' to
brieny in section 6.5.2; three of these deserve special mention here.
Firstly, all of the transport formulae used neglect the effect of bedforms
on sediment transport. Various bedforms. ranging from microripplcs to
megaripplcs and dunes, occur throughout the South Alligator and Daly
rivers. At any one site however, the same magnitude of error in transport
estimates should apply in the ebb and flood directions; net transport capacity
should therefore be faithfully estimated.
Secondly, additional error in the transport estimates could be expected if
sediment supply is limiting. Although the ratiq of flood/ebb transport
capacity increases with distance upstream in each river during the dry
season, there is a Finite source of sediment. Thus if the actual upstream
delivery rate of sediments is significantly lower than the estimated transport
capacity, then appreciably fewer wet season flood days would be required to
reverse the total upstream push of sediments.
Finally, the adoption of a single particle size for all sections analyzed is
simplistic. While it was shown in section 6.3.2 that the laminated sandy silt
(LSS) and medium/fine sand (MFS) sediment groups were the dominant
constituents of most bed and bankforms, the median particle size did vary
across sections, as well as along and between the study rivers.
6.6 PRINCIPAL RESULTS OF CHAPTER SIX -
Key findings of this chapter may be 'summarized as - follows:
' (i) Particle size analyse, of suspended sediments .from various locations
throughout the study river systems reveal that suspended materials are
confined to a narrow size range of -1-8 utn. No systematic differences Ire
I'm
t «?
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evident in suspended sediment ca,ibre along or bctwcen ^
through tide cycles at any single location.
(ii) Field measurements of SSC indicate that all three of the study rivers
are' highly turbid. In the South Alligator river, dry season nea,surface SSC
ranges between'0-4 g/,
 during spring ^  and ^ ^ -^ ^
generally according with the findings of .Woodroffe et al. (1986). Slightly
lower SSC values occur in the Daly and Adelaide rivers, where spring tide
values typically range between 0-2 g/1 and 0-0.5 g/1 respectively.
(iii) Broad scale surveys within the rivers indicate that bed sediments
are coarsest in the Adelaide river, followed by the Daly and then the South
Alligator river. Six discret^ groups of bed sediments are shown to occur
f
within the rivers; these arc defined as gravelly sands, coarse- sands,
medium/fine sands, laminated sandy silts, silts and silty clays.
(iv) Each of these bed sediment groups occurs in characteristic
localities within each river, reflecting differences in river
morphodynamics. Gravelly sands, are largely restricted to deep pools in the
Adelaide and South Alligator rivers, which have been identified as inherited
forms from a prior fluvial system. Coarse sands occur in three situations,
these being (a) broad 'shoals near the mouth of all three rivers, (b) deep
pools in the sinuous segments of each river, and (c) the highly incised and
narrow upper reaches of the Daly river. Medium/fine sands are found
mainly in mid channel shoals and point bars within the sinuous and cuspate
segments of the South Alligator and Daly rivers. These localities tend to be
sheltered areas affected by flow separation. Laminated sandy silts are
indicative of alternate deposition of very fine sands -and silts and occur
mainly along the river banks and other low energy ^environments. These
include mid channel shoals, and point bars in the upper cuspate and
upstream segments of the' South Alligator an* Daly 'riven and point bars in
the upper Adelaide • river. The silt group of sediments, has.a range simi.ar.to
that of the laminated .andV silts, but are not #nfi,ed _\d well developed bed
.jr..
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and bank forms. Silts are the mos't abundant sediment- group in the upper
South Alligator river and in the middle and upper Adelaide river. Finally,
sifty clays are restricted to areas where the rivers cut through blue-grey
clay deposits, deposited in a prior tidal swamp environment.
(v) As no direct measurements were made of bed sediment movement,
estimates of transport capacity were made using a number of empirical
sediment transport formulae. While the various formulae yield differing
«f
results, they all indicate net upstream movement of sediment during the dry
season in each of the river systems. Flood/ebb ratios of transport capacity
generally increase with distance upstream, closely according with patterns
of increasing tidal wave asymmetry, as reported in Chapter Five. Depending
on the equation used, the flood/ebb ratio • in dry season transport capacity
'around the middle of each of the rivers ranges between 2.9 and 5.2 in the
South Alligator. 2.8 and 5.1 in the Daly, and 1.3 and 1.7 in the Adelaide (these
figures exclude results obtained using the Ackers and White formula which
appears' to give unreliablev estimates), j Estimates of the number of 2 year flood
days required to balance cumulative net dry season upstream transport at
these sites range between 610 and 1410 in the South-Alligator. 0.1°and 0.9 days
in the Daly, and 59 and 63 days in the Adelaide.
%p1
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CHAPTER SEVEN
CUSPATE MEANDER MORPHODYNAMICS
7.1 INTRODUCTION
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The preceding chapters have shown thai while all three of the study
riven have formed under similar boundary conditions of climate and sea-
- level rise, each has a distinctive morphomctry related to differing
hydrodynamic behaviour, sediment characteristics and transport and, in
j
some instancesj/inheritance of prior channel form. One of the major
differences between the rivers which has not yet been addressed in detail is
the nature of cuspate meanders. These are stable channel forms in the South
^
Alligator, transient features in the Daly, and absent from the Adelaide river.
This chapter focuses on cuspate meander forms with a view to describing •
tfeHr evolution, form and morphodynamic behaviour.
Despite the similarity of these forms to estuarine meanders, described
by Ahnert (1960; 1963), the term cuspate is adopted here because (i) it ,
distinguishes this form from regular sinuous meanders, also present in tidal
w r
rivers, (ii) it is unclear whether the north Australian examples evolve and
behave in ihe fame manner as Ahnert's Chesapeake Bay forms, and (iii) this. *
term more clearly describes the shape of the meander. Throdgh the course
• •
of this chapter, .the genesis and morphodynamic behaviour of north
Australian cuspate meanders will be compared with the findings of Ahrioft •
(1960) relating to estuarine meanders in Chesapeake Ba'y and in other pans
Q
of the .world.
Field observations reported| in this chapter relate mainly to foe South
Alligator river .where cuspate meanders are well developed, though some
attention is also given to'the Daly and East Alligator rivers. Figure 7.1 shows
the South Alligator aver cuso.te meander segment in detail, indicating the
Ftgure^.7.1: South Alligatqr river cuspate segment, showing location of cross-sections .referred to throughout .this chapter
(labelled as sections 1-14). Dotted lines indicate visible paleochannels, • dashe^L Tines indicate floodplairt boundary.
Nturibers marked in the channel denote distance from mouth (km). M
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.location of survey sections and monitoring stations which will be referred to
•throughout this chapter. Also shown 'in this diagram are the locations of
paleochannels adjacent to the present-day channel.
'This chapter is comprised of seven'parts. . Section 7.2 summarizes the
known distribution of "cuspate menders, with particular reference to
northern Australia. - The planform and bathymetry of cuspate meanders are
described in section 7.3, while in section 7.4. a conceptual model is formulated
to describe their development. In section 7.5, the observed and modelled
*i' ' . i i
hydrodynamic ^behaviour of cuspate meanders are discussed. Seaspnal
changes in bed sedimenj texture within cuspate meanders are reported in
section 7.6. The stability of cuspate meanders is discussed in section 7.7;
while in section 7.8, the effects of these meander forms on estuarine tidal -
, •
dynamics are examined. Finally, section 7.9 provides a summary of the key
findings of this chapter.
7.2 KNOWN DISTRIBUTION OF CUSPATE MEANDERS
In a report detailing the world distribution of estuarine meanders,
Ahnert (1963) identified 358 examples from north, central and south
America, Europe, Africa, Asia, the Malaysian Archipelago, Australia and New
Zealand. This list is far from exhaustive, however, as good quality map
coverage was limited at the time of the survey. For instance, almost half the,
examples identified by Ahnert were located in well mapped areas of the
*
United States. More recently, Lewis and Macdonald (1970) used radar image
analysis to identify 16 previously unmapped estuarine meanders in a remote
area in eastern Panama,.and'northwestern Colombia. Undoubtedly,
application of modern ^remote' sensing techniques would reveal a more
extensive distribution of juspate meanders than currently documented.
As parj of the present work, a map and aerial photo survey covering 132
.:..-. -:..!.. -s ~,,.ir« along the north Australian coastline revealed the
ttUttt TtVPyg ' •!!<• +m*^*mm •••••^ • ¥ . , , • , , •„ . ., .. . ..,•..,.— .„. .
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locations of 31 cuspate meanders. These were distributed among only 10
rivers and-over half of the examples were found in the South Alligator and
East Alligator rivers (see Table 7,1). This high proportion may reflect the
fact that 1:25000 aerial photography was used for these two rivers, while most
»"
of the inventory was based <jn 1:50000 scale maps (Mcssell et a/., 1982). Thus,
it is probable that more cuspate meanders exist in north Australian estuaries.
RIVER . <
East Alligator*
South Alligator*
Daly*
Wenlock
Victor ia
Fi tzmaur icc
Limmen Bight '
Goyder/Glyde
Blyth/Cadell
Liverpool /Tomkinson
Total
DONCAVE
2 ,
1
-
2
-
-
1
•
1
7
CONVEX
9
5
2
- •
.
2
2
-
-
-
20
MIXTURE TOTAL
%
9
7
- , 3
3 ' - 3
2
2
2
1
1 1 '
1
4 31
•Table 7.1: Known locations of cuspate meanders in north Australian tidal
rivers, determined from aerial photos and 1:50000 work maps published by
Messell et al. (1982). * denotes 1:25000 colour aerial photography used. The,
distinction between concave and convex types is explained in .section 7.3.
Ahnert (1960) related the location of estuarine meanders ih Chesapeake
Bay to patterns of- t idal current velocityvand' sediment type. Later. Ahnert
(1963) compared estuarine meander location to spring tidal range, tidal ,
period and coastal type. to. evaluate whether these factors controlled the -
development of these forms. Ahnert's conclusions regarding estuarine
meander location may be summarized as follows:
(i) Estuarine meanders in the Chesapeake Bay area were confined to
channel sections where ebb and Hood currents'had similar magnitudes and
peaked at around mean-water level.
\
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: (ii) From a census of 358 examples from around the world, no systematic
relationship was found between estuarine gander Ration and spring tidal
range. Examples were identified in areas subject to diumal. semidiurnal and
mixed tides. ' ' • > . . - '
~ /
(iii) From the same census, cqastal type was shown to have a major,
effect «fo the location of estuarine meanders. 'Using a classification scheme'
representing 13 coastal types. 87% of all Observed estuarine meanders
occurred in four groups, these being mangrove, lagoon-barrier, deltaic and
coastal plain coasts. Ahnert (1963) inferred that «-jruarj/ie''meanders are rare
on coasts subject to recent vertical tectonic and isostatic movements, and that
favoured locations for these forms are sheltered from wave attack and have a
high availability of fine sediment: .
Ahncrt's findings suggest th'at the Northern Territory coastline should
be suitable for cuspate meander development. Sea level relative to northern
Australia has been stable or slowly falling (0.2 m/1000 years) over the last
.' \ . '
6500 years (Chappell and Thorn. 1986). GattfiwaV et al. (1984) estimate that
approximately 46% of the Northern Territory coastline is muddy and Wells
' &(1985) shows that it is dominated by mangrove vegetation. Finally, as there
are numerous long tidal rivers occupying low gradient coastal plains (e.g.:
«
Adelaide, Roper, Norman, and Macarthur rivers), there should be many
• s
regions where ebb and flood current velocities are roughly equal. However,
only eight Australian examples of estuarine meanders were cited in Ahnert's
•
report, all of which were located along the eastern coastline. In the survey
reported in this thesis, a relatively small population of cuspate meanders was
detected, with a strong concentration in the Alligator rivers region. -
7.3 CUSPATE MEANDER MORPHOMETRY
Earlier, it was • explained that the inner bank of a cuspate. meander
.._. .. .... .—^ of the meander bend..'franked'fay broad ovoid
IO B l/wIH* •f™ *^*^ h™*f1"* IT— t ' •" "• 'j11 , ' ' • " " » ' » ^
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pools in which mid-channcl shoals sometime, form. This simple description
warrants expanding, however, as (i) substantial variation exists in the plan
and cross-sectional form of cuspate meanders, and (ii) there is evidence of
systematic seasonal changes in the bathymetry of these forms.
Two main types of cuspate meanders are identified, termed here as
concave and convex. The distinction between the two types is based on the
planform qf the cusp , though they arc ateo characterized by other fundamental
differences which will be referred to later. Both types are shown in Figure
7.1; typical concave cusps arc evident at cross-sections 5 an,d 7, while cross-
sections 3 and 12 show typical convex types. Ahnert (1963) and Lewis and'
Macdonald (1970) provided illustrations of both concave and convex cusp
plan shapes, but failed to identify the difference between the two types.
While some cuspate meanders have a mixture of concave and convex
elements, the two main types are generally discrete. Table 7.1 shows that the
majority of cuspate meanders identified in northern Australia are the convex
type . . *
7.3.1 Morphometrv of concave cuspate meanders
The plan and cross-sectional form of a concave cuspate meander in the
South Alligator river is illustrated in Figure 7.2. Sections 5 and 7 are referred
to as cusp point profiles and sections 6 and 8 are referred to as intercusp
V
profiles. The cusp point* profiles are narrower and deeper than the intercusp
profiles and are more symmetrical. Both cusp point profiles show that the
channel deepens towards the inside of the bend, in contrast to the shallowing
pattern commonly observed in fluvial river meanders. Both intercusp
profiles have a major and minor channel, divided by a mid-channel shoal
which becomes emergent near spring tide low water level <LWL). The deeper
intercusp
 <Channel immediately upstream of a cusp is typically located on the
opposite side of the channel from the cusp. -
"•II
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7.3.2 Morphomctrv of ronv^' nispatff mrani1rn
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The plan and cross-sectional form of a convex cuspatc meander in the
South Alligator river is illustrated fn Figure, 7.3. Convex cuspatc meanders
have higher angles of turn (as defined in Figure 4.1) than the concave type
and the intercusp profile is only marginally wider than at the cusp point.
Cross-sectional profiles within this type of bend are similar to those observed
in the concave type, except that the intercusp profile is deeper, so less of the
mid-channel shoal becomes emergent near low water. Figure 7.3 also shows
that convex cusp point profiles have a higher maximum depth to mean depth
ratio (or vertical asymmetry index, T, as defined in section 4.2.2) than the
\
concave type. As in the concave type, channel depth diminishes towards the
outside \of the bend at the cusp point profile* though the thalweg tends to be
more centrally located. Section 14 for instance, shows that there is a broad -'
shallow region at the outside of the bend. This pattern is typical of many
convex cuspate meanders in north Australian tidal rivers.
i •i(
7.3.3 Seasonal changes in cuspate meander bathymetry
During! reconnaissance visits to the South Alligator river, several local
Barramumli fishermen commented to the writer that1 seasonal changes occur
in channel bathymetry through the cuspate segment. A common trend
observed was one of progressive shallowing in the reach through the dry
season, followed by flushing and deepening of the channel during the wet
season. To evaluate this anecdotal evidence, seasonal changes in the
.bathymetry of a concave cuspate meander in the South Alligator river were
moni tored .
The bend selected was located between km 59.5 and km 62 (sections 5-8
in Figure 7.1), hereafter referred to as the type cuspate meander. Eight
sections within the meander were surveyed by echo-sounding during spring
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tide high water periods. Bathymctric surveys were conducted in June, 1985
and September, 1986. Patterns observed at these times are deemed to be
representative of early and late dry season conditions respectively. The June
survey was preceded by a late monsoon Hood in April. 1985 and the
September survey was preceded by a relatively dry 1985/86 wet season.
Bathymetric patterns observed within the type cuspatc meander during
the two surveys arc illustrated in Figure 7.4. Also shown are cross-sections of
selected cusp point and intcrcusp profiles within the bend. The early dry
season bathymetry shows centrally located shoals in the intcrcusp reaches of
the bend, flanked by channels of approximately equal depth. Deep pools
occur near the cusp points and the profile shallows towards the opposite
(outer) bank. The late dry season pattern indicates several changes. Firstly,
the shoals are larger and shallower and extend into the lee of the cusp on the
upstream side. Secondly, the intcrcusp region develops a deep flood tide
channel and a relatively shallow ebb tide channel. Thirdly, although some
channels have deepened, the bend is generally shallower during the late dry
season. Mean bend depth at HWS was 7.32 m for the early dry season, and 6.78
m for the late dry season, an overall shallowing of about 0.5 m. Most of the
change is accretion to the mid-channel shoals, as illustrated by sections 6
and 8. These sections show how the flood channel deepens. wWe the ebb
channel shallows as the dry season progresses. In the intercusp region
around section 6. the main channel switches to the opposite side of the river
in the late dry season.
7.4 FORMATION OF CUSPATE MEANDERS
While studies by Ahnert (1960; 1963) identified the context of tstuarint
meanders, they offered little insight into the mechanics of their formation.
Field observations in Northern Territory reveal that cuspate meanders can
form in I least two different ~ways, these being via (i) meander cutoff or^
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g (sensu Brice, 1984). and (ii)
 mcandcr cnlargemem h
cuspatc meanders develop from a prior sinuous chaanel. Concave cuspate
meanders appear to form by the lobing mechanism, while the convex type
forms by the process of meander enlargement.
Initiation bv meander
The development of concave cuspatc meanders through lobing of prior
sinuous bends is described in * four element conceptual model, shown in
Figure 7.5. Figure 7.5a illustrates how a cusp 'forms at the point of closure of
two intersecting sinuous meanders. This is a common process in meandering
rivers; Plates 7.1, 7.2 and 7.3 provide photographic evidence of this in the
Goyder/Glyde, Daly and South Alligator rivers respectively. As shown in
Figure 7.5b, the resulting meander form has inherited pools which hug the
inner bank of the new bend. Flows through these pools arc subject to flow
separation wh'en passing the cusp point, which acts like a promontory
-*.
(Wolanski et ai, 1984). This has two important consequences. Firstly, flow
separation tends to produce a zone of slack water in the lee of the cusp which
becomes an area of sedimentation. In a bend with unidirectional flow, this
area would generate a new point-shoal (as shown in Figure. 7.5c), but in the
case of a bend subject to tidally-reversing flows, the tendency is for
compensating erosion during the alternating tide hemicycte and by periodic
fluvial flooding. Secondly, as shown in Figure 7Jd. flows passing the .cusp
point are deflected towards the opposite bank where they erode the less
cohesive sediments which previously formed the inner banks of the prior
sinuous bend, thus widening the channel either side of the cusp.
Photographic evidence of such widening is shown at the points marked A
and B in Plate 7.1. The extent to which such enlargement occurs at the
upstream and downstream flanks of the cusp is determined by the relative
strength of ebb and flood currents.
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Figure 7.5: Conceptual model for the development of concave cuspate
meanders via lobing of sinuous bends. See text for explanation.
•*t
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Plate 7.1: Formation of a concave cusp via lobing in a sinuous bend,
GoyderlGlyde river Note ho\v banks at points marked A and B are beginning
to erode. View is looking upstream. Note how cutoff is infilling with
sediment. (Photo Bill Green. Department of Physics. Svdney University^
Plate 72- Aerial view of concave and convex cuspate meanders and associated
The main sinuous meander &te/f
Sriown occurreu in i 7 / > , > ' » » - ) ^..^-•- -- -
tan* -opposite concave cusp The distance between the point <4 closure of the
sinuous bend and the present bank is about 80 m Arrow denotes direction
towards sea
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Plate 73: Aerial view of concave cuspate meanders and associated
paleochannels, km 58-t>5, South Alligator river Arrow denotes direction
towards sea.
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Concave cuspatc meanders in the South Alligator river have low angles
of^urn. suggesting that newly formed cusps erode back before becoming •
stable channel forms. Thus, figure 7.5d includes successive stages of cusp
retreat in the general model of cuspatc meander 'formation. The newly
formed concave cusp on the Goydcr/Glydc river shown inflate 7.1 for
instance, has a higher angle of turn than observed in older examples in the
Daly and South Alligator rivers (see Plates 7.2 and 7.3).
»
Field observations from the South Alligator river indicate that bank
failures are common at the cusp point of several concave cuspate -meanders,
but sequential aerial photos of the river reveal no consistent cusp retreat
over the last 30 years. However, there is evidence to suggest that the cusps do
erode back from the original point of closure of the prior sinuous bend. '
Firstly, the main channel is located close to the Cusp and sedimentation
occurs on the •itside of the bend, directly opposite the cusp. Some evidence
of this is visible in Plate*7.1. Secondly, fringing mangrove vegetation is
absent at cusp points, though vigorous mangrove forests usually occur
*
directly opposite the cusp (sec Plate 7.3), indicating progradation in this
region. Progradation opposite a concave cusp is clearly visible in the Daly
river cuspate meander shown in Plate 7.2. Thirdly, Woodroffe et al. (1986)
show several examples where concave cuspate meander cusps cut into 6500
year old estuarine clay (big swamp) deposits. 'These findings conflict with
those of Ahnert (1960). who reported that cusps (or spurs using his
terminology) were depositional features in Chesapeake Bay estuarine.
meanders .
7.4.2 In i t ia t ion bv runnel enlargement
Unlike the concave type, convex- cuspate meanders are rarely associated
with any cUtoff paleochannels) Examination of the 14 examples in the South
and East Alligatpr rivers. indicates that
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in most cases, convex cuspate
meanders .lie i n , the same trart -,.. .u
same track as the previous sinuous channel.
- An example of a convex cuspatc meander in tho South Alligator river is
shown in . Figure 7.6, indicating the relation between the contemporary bend
and the course of the prior sinuous channel. Both concave cusps shown .
(numbered 1 and 2) can be linked to cutoff sinuous bends, identified by
'. Woodroffe era/. (1986). as, actively migrating prior to" cutoff. However, no
channel activity is evident "opposite the convex cuspate meander (numbered
3). All that lies between the outside of this bend and the lateritic - upland are
cohesive estuarine clays of around 6000 years age (Woodroffe et ai, 1986).
Also shown in Figure 7.6 are isolines indicating depth to the pre-HolocenV
basal sediments (as estimated by Woodroffe et a/.,. 1986) and the location of
lateritic gravels, sampled in the bed sediments during the wet season. The
eastward reduction irr thickness of floodplain sediments and the channel
incision into lateritic gravels oo the outside of the bend, indicate that the
eastern bank of the channel should be less credible than the western bank.
There are insufficient data to recreate the sequence of events leading to the
formation of the convex cusp, but it appears that it was formed in the process
i ' '
of channel widening at the inside of the bend.
Figure 7.6 clearly shows that the South Alligator cuspate channel is
substantially wider than Jts ancestral sinuous one (see also Figure 4.22).
Channel widening at this location has been caused by two mechanisms.
Firstly, sea-level rise has caused the channel to enlarge to accommodate
increased volumes of tidal flow. Secondly, local widening of the channel
upstream of the bend caused by formation of concave cuspate meanders, has
increased t h e d d a l prism upstream of the convex bend, in turn causing
widening dow^am. Channel widening leads to an increase in bend radius
of curvature
 (Bagnold>^60; Leopold and Wolman. 1960; Hickin. 1974) and
Figure 7.7 illustrates how^uch changes can generate a convex cusp. Where
the banks of the enlarged oend 1m
**!
lateritic gravels
[~"[ lateritic upland
active channel deposit
o o o o o estuarine clays
paleochannel (proven)
paleochannel (inferred)
metres
isoline for depth to lateritic basal material
n]Y i j
&3
Figure 7 6: Position of selected cuspate bends in the South Alligator river
relative to paleochannels, floodplain boundary, sub-floodplain topography
and various floodplain sedimentary deposits. See ttxt for explanation.f
t
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Figure 7.7: Conceptual model for the formation of con-vex cuspate meanders
via channel enlargement following tidal invasion into a sinuous meander.
At points marked C\ and'C2, the old channel intersects with the new, creating
a convex cusp.
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may develop (see points marked
 Cl and C2). The fonn of a convex cuspate ^
meander should vary according to the shape of the channel elements which
survive the processes of widening and increasing radius of curvature. This '
may explain why these bends tend to be more irregularly shaped than the
concave type.
7.5 FLOW PATTERNS WITHIN CUSPATE MEANDERS
t t
Dry season current velocities were measured at a number of sites within
the South Alligator river cuspate segment. In order to describe general
patterns of current speed and direction within cuspate meanders, velocity
measurements were mostly taken at a relative depth of 0.8d (where the bed =
O.Od and the" water surface = l.Od). Results are compared with the findings of
Ahnert (1960) who measured tidal elevation and current speed in estuarine
^
meanders in Chesapeake Bay. Maryland.
* *
7.5.1 Cross-sectional patterns of current velocity
I
Representative records of tidal elevation and current speed variations at
three cross-sections within the South Alligator river cuspate segment are
shown in Figures 7.8. 7.9 and 7.10. These sections include cusp' point and
intercusp profiles in concave and convex cuspate meanders. At each section,
current velocity was measured at four stations, along with tide height, over a
dry season spring tide cycle (± 2 days).
Figure 7.8 shows current velocity patterns across a cusp point profile
within a concave cuspate meander (section 5). During both the flood and ebb
tide hemicyclcs. peak current velocities occur close to the cusp on the inside
of the bend (station A) and diminish towards the outside of the bend (station
D). This pattern, of How is opposite to that commonly observed in regular
d ( m )
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u (m/s)
3 +
1
* * *
0 2 4 6 '8 1 0 1 2
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7.8: Spring tide variation in tidal stage and current velocity across a
cusp point profile* within a concave cuspate meander km 59, South Alligator
Hver M9I85 (a) Location of section, (b.) Cross-secnonal profile of section,
hwinx location * of current measurement stations, d denotes depth of
snowing l°c<»l°"
 fw, it marked M ^note iowest stage during period of
, (d.) Variation in current velocity <»>
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f/gure 79- 5pn'/t« rf* variation in tidal stage and current velocity across a
cusp point profile, within a convex cuspate meander, km 68, South Alligator
river, 27/9/85. (a.) Location of section, (b.) Cross-sectional profile of section,
showing location nf rurrent measurement stations, d a_enotes jftff*^ °f
channel beiow HWSL. LWL is marked to denote lowest stage duringn .flow measurement, (c.) Variation in tidal stage (h), relative to an arbitrary
datum, (d.) Variation in current velocity (u).
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showing location of current measurement stations d denotes depth of
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sinuous meanders (Bagnold. 1960; Leopold and Wo.man. I960; Leopold <r a/,
1964). f
('
Figure 7.9 shows comparative flow patterns across a cusp point profile -
within a convex cuspate meander (section 12). During the flood tide, peak
flow velocities occur in the main channel, which is centrally located in this
section, and reverse How odcurs near the outside of the bend (station D). The
outside of this bend was observed to be an area of sediment deposition, while
steep cliffing on the inside of the bend indicated that the cusp was eroding.
During the ebb tideVsvelocities are evenly distributed across the channel,
except during the time.JDf peak flow when velocities are highest near the
cusp point (station A) and diminish towards the outside of the. bend.
Figure 7.10 depicts patterns of current velocity across an intercusp
profile within a concave cuspate meander (section 6). The distribution of
velocities across this section vary according to the direction of flow. During
the flood tide, the line of peak velocity is deflected from the cusp towards the
opposite bank into the main channel (stations A and B). At the same time,
reverse flow occurs in the lee of the cusp in the minor channel (station D).
During the ebb tide, this pattern of flow is reversed and peak velocities occur
in the minor channel at station D. For the first half of the ebb tide, velocities
are lowest in the lee of the cusp (station A), though no reverse flow occurs.
Later on in the ebb, when the minor channel becomes shallow, the line of
maximum velocity switches back to stations A and B.
-, 3 ' - •
t
7.5.2 Horizontal eddy circulations •
Flow patterns in the South Alligator concave cuspate meanders differ
from those described by Ahnert (1960) for estuarine meanders in a number
of respects. Firstly, dry season ebb and flood flows do not have similar
current velocity magnitudes, as flood tide velocities in the South Alligator
y gf*f'*r than those generated during the longer ebb
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tide (this
•s evident in F.gurcs 7.8-7.10). Secondly, while ebb and flood
currents tend to occupy separate channels on alternate sides of the intercusp
shoals and cross at the cusp point, they cross close to the cusp point rather
than in the middle of the channel. Related to this fact is a third distinction
and one which is of critical importance. Under certain hydrodynamic
conditions (described below), flow separation has been observed to take place
at cusp points, resulting in the formation of eddy circulations in the lee of
the cusps. As shall be shown, this sets up patterns of How and sedimentation
in concave cuspate bends which differ fundamentally from those
represented in a conceptual model put forward by Ahnert (1960).
Figure 7.11 compares the Ahnert model of flow through estuarine
meanders with an alternative model of flow, based on horizontal eddy
circulations observed in cuspate meanders in north Australian tidal rivers.
The proposed eddy circulation model is based on observed dry season spring
tide flow patterns. Its applicability to other flow conditions is evaluated later.
\
An important observation is that, during the dry season, the eddies form only
during the flood tide hemicycle. Thus, there is a tendency for sediment to be
deposited preferentially in the lee of the cusp on the upstream side of the
bend. This contrasts with Ahnert's observations that shoals are centrally
located in the intercusp region. The hydrodynamic factors responsible for
eddy generation in tidal rivers are described below.
 %
Wolanski et al. (1984) have shown that flow separation past a
promontory can produce a lee-side eddy. While their work focussed on
circulatory flows in the lee of elongate coral reefs, the basic requirements
for eddy generation and maintenance are universal, namely that.
(i) an obstacle such as a promontory be present for flow separation to
occur;
(ii) a certain threshold velocity (u') is exceeded for flow separation to
occur;
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A. AHNERT ESTUARINE MEANDER MODEL
PEAK EBB CURRENT PEAK FLOOD CURRENT
Rvolreulatlng rtldy
B. PROPOSED EDDY CIRCULATION MODEL
••?*" •
Figure 111' Models of flow in cuspate meanders. (A.) Model for Chesapeake
Bay estuarine meanders, after Ahnert (1960). (B.) Alternative eddy
circulation model for Northern Territory cuspate meanders. Note that flow
crossover point is close to cusp, and that eddies form only on the flood nde.
and focus around the lee of cusp.
"V"
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(iii) flow separation occurs for long enough to permit .pin-up of the
eddy, the time (T) for which is dictated by w?ter depth ft) and curre
velocity (u); 4
\ f
(iv) the channel is large enough to contain the eddy, the diameter (IV) a
of which is dictated by u. H and a vertical eddy diffusion efficient (K.)/
Field observations in sinuous and cuspate meanders of the South j
Alligator and Daly rivers indicate that How separatidn occurs when u exceeds
*
1 m/s. It is important to realize fhat this is simply an empirical observation;
the value ought change according ta channel roughness, promontory shape
and flow depth. According to Wolanski et al. (1984), the diameter (W) of a Ice-
*
side eddy initiated by flow separation is defined by
W = uH2/K
where K is given by Fischer et al. (1979) as
K = 0.07 HU. ... (7.2)
where u* is the shear velocity approximated as O.lu. From equations (7.1) and
(7.2), eddy diameter can be predicted as a function of H only, such that
W - 140H ... (7.3)
Wolanski et al. (1984) showed that the eddy spin-up time (T) may be
calculated as
T - H(W/uK)°-5 seconds ... (7.4)
and when substituted with equation (7.2). may be approximated as
T-140H/u ' ...(7.5)
Proceeding from the theory outlined above, it is possible to predict
variation in eddy size through a tidal cycle in a cuspate meander* according to
changes'in u and H. By also taking into account T and the finite width of the
channel in which the eddy forms, it is possible to estimate the period over
which edldies can be maintained.
Fi Jte 7.12 shows changes in tide height and current velocity within
the rypVLpate meander through a dry season spring tide cycle. Also
shown are estimates of eddy size, calculated using equation (7.3). Current
sea
u
t
4 hrs
Eddy
diameter
" T
no
 eddy predicted bdjpause mid-channel shoal is emergent
V 2 4" 4 hrs
no eddy predicted as u < 1 m/s
7 7 2 - Dry season, spring tide flow characteristics in a concave cuspate
meander^ km 61, South Alligator river, (^location of curre^ ^^
measurement stations, (b) current speed (u), (c) tidal height (H), and (d)
predicted eddy diameter (W) using equation 7.1. FST denotes flo* separation
threshold, whtre u=lmls.
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ve.ocity was monitored in the main and minor channel of two intercusp
profiles (sections 6 and 8) (see Figure 7.12.). Ve.ocity record are shown in .
Figure 7.12D. where the solid line represents current velocity in the main
channel (stations B and C) and the dashed line indicates current velocity in
the shallower minor channel (stations^ and D). Flood tide measurements
were restricted to stations C and D. while ebb tide measurements were
restricted to stations A and B. Figure 7..12c shows mean water depth through
the flood and ebb tide hemicycles and Figure 7.12d shows the predicted eddy
d iame te r .
These data indicate that there is close correspondence between the
occurrence of reverse flow in the lee of the cusp and the predicted times for
eddy circulation. In Figure 7.12d, cross-hatched areas represent periods
when, flow separation cannot occur, as u in the main channel is below 1 m/s.
The excluded region is extended into the early phase of flood tide, despite that
u ' has .been exceeded, because the mid-channel" shoal is emergent at this time.
• .
The horizontal line in Figure 7.12d indicates the channel width in the
intercusp region (800 m); the eddy diameter can not exceed this, thus placing
a further restriction on the period when the eddy can exist. Figure 7.12b
shows that reverse flow occurred in the lee of the cusp during the flood tide
hemicycle over a' similar period for which an eddy is predicted to occur
(Figure 7.12d), thjmgh reverse flow was observed for about 30 minutes longer
.than the predicted eddy. No reverse flow was observed during the ebb tide,
despite there being an 80 minute period in which the flow depth and current
velocity conditions were suitable for eddy formation* A possible explanation
for the failure of an eddy to form during the ebb is that the bend bathymetry
tends to guide the main flow away from the cusp'point (see Figure 7.4a). In
this situation, flow separation docs not occur because the cusp does not
protrude as a promontory into the main current.
7.5.3
300
V
-4
• *
V-
•36
As n o - w e t season' hydrodynamic observations were made within cuspate
meanders, it is unclear whether eddies can form' in the- ebb lee region of
cusps during fluvial flooding. Tide modelling dat'a of the kind discussed Jn
Chapter Five, however, can be ^uscd to estimate the likelihood of eddy
formation during wet season floods of different magnitudes. Model *
predictions of current velocity and flow depth for spring and neap, tides .
under dry season. 2 year flood and 10 year flood conditions were used to
* "-*
evaluate the range of conditions under which ebb flow eddies can <*ist in
cuspate meanders. It is important to note that because the tide model* used is
one-dimensional, it yields conservative estimates of current velocity." The
current velocity data produced by the tide model represent cross-sectional
means and may neglect occasional,local velocity maxima Arhicji initiate flow
^^
separation at cusps.
. ' ' *•
Figure 7.13 shows tide model predictions of spring tide current'
velocities for concave cusp point profile 5 (km 59.5) in the South Alligator
river (see Figure 7.1 for location). Also shown are eddy diameter estimates
obtained by substituting tide model depth predictions for intercusp profile 4
(km 58) into equation (7.3). Predictions* were made for spring tide conditions
during (i) the dry season (no fluvial inflow), (ii) a 2 year flood (500 m3/s •
fluvial inflow), and (iii) a- 10 year flood (1500 m3/s fluvial inflow). Shaded
^
areas denote periods over whiph ebb flow generated eddies may exist, namely
where u > 1 m/s (threshold velocity for flow separation) and W <r 850 m (width
of intercusp reach). Figure 7J3a shows that during the dry season, eddie*
carinot form because W> 850 m during periods when u > 1 m/s. Results for
the 2 - year return period flood simulation (Figure 7.lW-rndicate that
shortlived eddies may exist during ebb tides. In bod. ebb tide hemicycles
shown for the 2 year flood run. there are periods of about 2 hours during
which current, speed and flow depth conditions are suitable for eddy
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circuladon. .The duration
 for 'which eddl« may „„, du.ng ^
hemicycle increases ,o around four hours for, u,e 10 year flood shown
Figure 7.13c.
. The analyses shown in Figure 7.13 were repeated for neap tide
conditions. Results of these comparative simulations are summarized . in
Figure 7.14. Figures 7.14a and 7.14b indicate that while How depths associated
with dry season and 2 year Hood affected neap tides are suitable foe eddy
generation, ebb current velocities are not high enough for flow separation
to occur. For 10 year flood flows taking place during neap tides however, -
current velocities exceed u' for over half the ebb tide hemicycle. Figure
7.14c indicates that eddies can exist for around 5 hours during ebb tides
associated with 10 year flood inflows.
7.6 BEB SEDIMENT MOVEMENT WITHIN CUSPATE MEANDERS
7.6.1 The role of horizontal eddies in sediment focussing and shoal''building
-.-••*
i- . " .
The study of wakes, jets and circulatory flows caused by flow
obstructions* has been an important field of enquiry in coastal hydrodynamic
studies. Considerable attention has been given to circulatory 'flows in
shallow coastal waters in the lee of islands, because of their importance in
modulating the movement of ocean waste outfalls and plankton distributions
(Emery, 1972; Hogg et a/., 1978; Fischer et ai, 1979). To the writer's^
knowledge, however, the role of such flows in focussing sediments "within
tidal rivers has not received any attention in thC| literature thus far.
-*. \.
The obvious conformity between .the dimensions and locations of
predicted eddies "and the shoals in the type, cuspate meander examined in the
Sxnith Alligator river suggest that eddy dynamics play a major part in
shaping cuspate bend bathymetry. Figures 7.15a and 7.15b depict the plan
of • "rirculatorv eddy. Once an eddy is set up. sediment
""• ••.--- - - -— — - • -M---.— ,».,«.,,,,„«,,«.—. ,.,..,..„.,. , . .,„., „„,„
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7 75: Geometry of a circulatory eddy, after Wolanski et al. (1984). (a)
Plan view, (b) Section view, u = current velocity, H = flow depth, V = radial
velocity of eddy.
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will tend to move tbwards it« <••»«»«. w •lowaras us centre by inward radial flow in the same way
that centripetal sediment movement is caused by secondary circulations in
regular sinuous meanders. According to Wo.anski et al. (1988). the inward
radial velocity >) in a meander bend is defined by
W
...
 (7.6)
where 5 is the thickness of the friction-generated Ekman layer, r is the eddy
radius and the other terms are as previously defined. By combining
equations (7.2) and (7.6), V can be rewritten as
V = u82/.007rH ... (7.7)
For the type cuspate meander, it is possible to estimate the eddy diameter
(W) and inward radial velocity (V) for any given set of flow conditions.
Assuming mid flood tide values of H = 4 m and u = 1.5 m/s, W and T are
calculated to be 520 m and 6 mins respectively. Wolanski et al. (1988)
estimated 8 at mid flood tide in the upper South Alligator river to be about 0.5
m, so with W = 580 m we obtain r = 260 m. Substituting these values into
equation (7.7) gives V = 0.05 m/s. For an eddy of W = 1043 m in the lee of an
elongate coral reef off the Queensland coast, Wolanski et al. (1984)
•
determined an upper limit radial current velocity of V = 0.6 m/s, though this
4
was for a much greater Ekman layer thickness (8 = 6 m). While V calculated
V
for the South Alligator cusp is an order of magnitude smaller than this value,
it is still sufficient to generate inward drift of sediment in the eddy, c^7
Wolanski et al. (1988) measured a near-bottom radial (transverse) velocity of
V = 0.09 m/s within a sinuous meander at km 74 in the South Alligator river
and demonstrated that this caused lateral drift of sediment onto the inside of
the bend.
»
In conclusion then, a number of findings suggest that horizontal eddies,
which are shed off cusps, contribute to the formation of shoals in the
intercusp reaches. 'The eddy dimensions predicted to occur during spring
tide flood hemicycles are similar to the size of Oie shoals shown in the type
Estimated inward radial velocities are sufficient
,0 cause drift of sedimen,
 inlo te cenlre of ,„, ^  ,__
S=c,ion. spatial and .empora, pa,,en,s of «dimcn,a,ion wi.hin the ,„,
cuspate meander are reported. •
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 Seasonal changes in t(.Ml
Three series of grab samples were taken from six sites within the South
Alligator river,077* cuspate meander. The three sampling times werej*
February and September, 1986 and February, 1987. Based on the
hydrodynamic conditions leading up to the surveys, the three surveys are
deemed to represent mid dry, late dry and late wet season conditions
respectively. On each occasion, pipe-dredge samples were taken from three
*points across intercusp profiles 6 and 8, located within the type cuspate
meander .
Figure 7.16a illustrates the longitudinal variation in cross-section
averaged bed sediment texture in the South Alligator river during the mid
dry season (note that this is a modified form of Figure 6.3a). The arrow in
this diagram shows the position of the type cuspate meander and also
indicates the point where there is an abrupt change from sand to silt
dominance in the bed sediments. Sands are prominent in the upper sinuous
and lower cuspate reaches, while silts dominate in the upper cuspate and
upstream reaches.
Figure 7.16b shows the locations of bed sediment sampling points within
the meander, marked as stations A, B. C, D, E and F. Figure'7.16c details
temporal changes in the distribution of relative sand/silt/clay content at
each of these stations.
The mid dry season pattern shows that sands and silts are evenly
distributed throughout the bend, with higher silt content in the channels,
but sand dominance in the mid-channel shoals (stations B and E). Late in .the
dry season the bed sediments become dominantly sandy, except in the main >
20H
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Figure 716- Seasonal patterns of sedimentation within a concave cuspate
Figure 7.10. *eas0™' PAllisator river. (a) Longitudinal profile of average
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channel (stations C and D) where they
 remain silty. During this time, sands
also accumulate in the upstream lee of the cusps (stations A and F). This
finding is consistent with the late dry season shallowing detected during the
bathymetric surveys, as well as with the observation that eddies focus
sediments in the lee of cusps. After wet season fluvial flooding, the bed
sediments throughout the bend are dominated by silts, as the sandy shoals
have been eroded and transported downstream.
7.7 STABILITY OF CUSPATE MEANDERS
Cuspjite meanders in the South Alligator and Daly rivers are
dynamically different. While shoals and areas of bank erosion and
sedimentation shift seasonally in the South Alligator river cuspate segment,
the meander banks have been effectively stationary over the last 40 years.
t
In the Daly river, on the other hand, there has been active channel
migration involving rapid alternation between cuspate and sinuous meander
forms. Mean migration rates of 9-27 m/year have been measured in the Daly
river sinuous and cuspate segments, with local maxima of 65 m/year (see
Table 4.5).
Chappell et al. (in press) mapped former channel positions within the
Daly river sinuous/cuspate segment relative to the 1983 course using
successive aerial photos and early survey maps. Their results are shown in
Figure 7.17 and reveal three meander cutoffs, estimated to have occurred in
1977, c.1940 and c.1890. These are labelled as points A. B and C respectively.
At cutoffs B and C. the newly formed channel continued to migrate rapidly,
leaving no cusp. At point A. a concave cuspate meander was formed at cutoff
in 1977. This bend had shifted little when the writer visited the river in 1986.
Echo sounding profiles taken within this bend late in the 1986 dry
season reveal a bathymetry different to that observed in the South Alligator
river type cuspatc meander (Figure 7.4). The bathymetry of the Daly river
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Figure 7.17: Former courses of the Daly river, relative to the 1983 channel
(after Chappell et al.. in press). Points marked A, B and C denote meander
cutoff points. Arrow in channel denotes direction to sea.
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Figure 7.18: Bathymetry of a concave cuspate meander, Daly river, km 45.5-
km 47. Isolines indicate depth of channel at HWS, based on 12 cross-section
profiles taken by echo sounding, 7/10/86. Parts of channel shallower than
metres are emergent at LWS.
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cuspatc bend is shown in Figure 7.18. Two cusps are evident; one convex and
the other concave. As in the late dry season in the South Alligator river type
cuspate bend, there are shoals situated in the lee of both cusps on the
upstream side of the bend, reflecting net upstream transport of sediment
during the dry season. However, unlike in the South Alligator where the
shoals extend out into the mid-channel region and are, ovoid in shape, the
v
shoals in the Daly cuspatc meander are long and narrow and lie close to the
river bank. Their shape suggests that they are not formed via focussing of
sediment by horizontal eddies (as in the South Alligator river), but by still-
water effects in the lee of the cusps. Another difference between the cuspate
meanders of the two rivers is that the convex cusp point profile in the Daly
river is characterized by a deep channel at the outside of the bend and point
bar sedimentation at the inside, just as would be expected in a meander
formed in uni-directional flow. In this instance, the cusp is likely to become
the focus of point bar growth and ensuing"1 channel migration.
It is likely that the stability of cuspate meanders is primarily related to
tidal/fluvial flow interactions and the resulting sediment transport balance.
Data presented in Chapters Five and Six demonstrated that flow and sediment
movement were dominated by tidal processes through much of the South
Alligator river and by wet season fluvial floods through most of the Daly
river. Comparisons between the two rivers are reviewed below.
Table 7.2 lists model predictions of mean spring tide flood (QFav) and ebb
discharges (QEav) for various locations within the South Alligator and Daly
river sinuous and cuspate segments and compares these to best estimates of 2
and 10 year fluvial flood peak discharges (Q2 and Q10). It shows that in both
rivers, QFav exceeds QEav within the sinuous and cuspate reaches. In Chapter
Five, a similar bias was reported" for peak discharges, as well as mean and
peak current velocities. In the South Alligator river, QF8v exceeds Q2 and Q10,
though in the Daly river it is considerably smaller lhan both Q2 and Q10. Due
to its much larger catchment size, wet season floods in the Daly river have
higher discharges than in the South Alligator.
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R i v e r
South Alligator
r
DaTy
DFM
(km)
34.7
50.3
64.1
35.3
48.3
65.0
QFav
(m3/$ )
6772
4048
2037
1904
668
235
«S,
4234
2450
1141
746
218
73
QFav/QEav
(ratio) ' .
1.60
1.65
1.78
2.55
3.06
3.22
QFav/Q2
(ratio)
13.54
8.10
4.07
1.06
0.37 -
0.13
QFav/QlO
(ratio)
4.51
2.70
1.36
0.35 '
0.12
J0.04
Table 7.2: Discharge statistics for selected stations in the South^ Alligator and
Daly river sinudus and cuspate segments. DFM denotes to distance from river
mouth. QFav denotes mean flood discharge during dry season spring tides
(predicted using tide model CORAL). QEav denotes mean ebb discharge during
dry season spring tides (also predicted using tide model CORAL). Q2 denotes
peak discharge for a 2-year fluvial flood (best estimates are South Alligator *
500 m^/s, Daly = 1800 rn^/s). Qio denotes peak discharge for a 10-year fluvial
flood (best estimates are South Alligator = 7JOO m^/s. Daly - 5500 m^/s).
In Chapter Six it was shown that the hydrodyjiaraic differences between
the two rivers should affect their sediment transport behaviours. Table 7.3
shows various sediment transport estimates for the upper reaches of the
cuspate meander segments of the South Alligator and Daly rivers?
Two basic parameters are reported; (i) the ratio between flood and ebb
transport capacity during the dry season (DSTR), and (ii) the number of 2
and 10 year fluvial flood days required to balance cumulative dry season
transport capacity (B2FD and B10FD respectively). ' Two sets of estimates are
shown; one based on the Engelund-Hansen fo-rmula (denoted by .subscript
 eh).
the other on the Bagnold formula (denoted by subscript bag). The values of
DSTR c h and DSTRbag indicate a strong upstream bias in transport capacity at
the upstream extent of the cuspate segment in both rivcfs. The results also
show that less than one 2-year flood day is required to balanceythe
cumulative dry season transport capacity in the Daly river, where* for the
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South Alligator river, between 124 and 177 days art required. Although these
are simple first-order estimates, they indicate » strong tendency for net
downstream movement of sediment in the Daly river sinuous/cuspatc
segment, while in the South Alligator, a net upstream movement is predicted.
%
In the Daly river, net downstream sediment transport is indicated by the
downstream direction of sinuous meander growth, revealed by scroll bar
ridges visible in aerial photos.
R i v e r DPM DSTReh DSTRbag B2FDeh B2FDbag B10FDeh B10FDbag(km) (rat io) (rat io) (days) (days) (days) (days)
South Alligator 77 5.60 3.54 177 124 11 3 >
Daly 56 5.15 2.80 0.6 0.9 0.1 0.2
Table 7.3: Selected statistics relating to sediment transport capacity at the heads of
the South Alligator and Daly river cuspate segments (as reported in Tables 6.5 and
6 6 ) . DFM = distance from river mouth. DSTR = dry season 'transport ratio (flood tide
transport capacity I ebb tide transport capacity). B2FD » number of 2 year fluvial
flood days required to balance 330 days of dry season transport. B10FD'= number of
10 year fluvial flood days required to balance 330 days of dry season transport.
Subscript
 eh refers to estimates made using the Engelund-Hansen transport formula
and subscript bag refers to estimates made using the BagnoM transport formula.
As cuspate meander maintenance is dependant upon How separation
and the formation of horizontal eddies in the lee of cusps, patterns of current
velocity, channel depth and channel width 'within the rivers represent
further controls on cuspate meander stability. Comparative patterns within
«
the South Alligator and Daly rivers arc reviewed below.
Figures 7.19a and 7.19b show model predictions of 20% cxceedence level
current velocities (u20) for dry season spring tides along the South Alligator ,
and Daly rivers. At most points along the two rivers, the flood tide u20
exceeds 1 m/s. while the ebb tide u20 is below 1 "Vs. Even though tbese one-
dimensional model velocity estimates are probably conservative, they
u (m/«) 1 •+--—• ------.____.!_
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' indicate that in the' cuspatc Segments of both rivers, current velocities often
exceed the assumed threshold current velocity for flow .separation.
Figures 7.19c artd 7.19d show the range of eddy .diameters nhat could
occur along the South Alligator and Daly rivers, in relation to channel width.
Eddy diameters were calculated by substituting mean channel depths into,
equation (7.3). An upper and lower eddy width estimate is, shown, based on
the range of flow, depths occurring during dry season spring tides when y is
t ' '
likely to exceed 1 m/s. In the South Alligator river, the range of depths used
f \
were related- to MWL±1.5.m, while in the Daly river the range for MWLtl.O'm
-* ,
was adopted. As these ranges were selected to suit the cuspate segments in
each river, the range of flow depths where u > 1 m/s would be underestimated
towards the mouth of each river. Likewise, they would tend to overestimate
the range of depths where u > 1 m/s towards the tide limits. The results . ,
. indicate that eddies could be accommodated at one time or another through
most of the South Alligator river cuspate segment^ though only within a very
small part of the Daly river. sihuous/cuspate segment, where predicted eddy
diameters typically exceed channel widths.
In conclusion, the stability of cuspate, meanders is affected by patterns
of ebb, flood and wet season discharge and sediment transport, as well as
channel width/depth ratios which control horizontal eddy dynamics.
Cuspate meanders are unstable in the Daly river because of (i) an .
overwhelming bias in downstream discharge and sediment transport
throughout the estuary, and (ii) low width/depth ratios^ which prohibit the
formation of horizontal eddies.
7.8 EFFECTS OF CUSPATE MEANDERS ON TIDAL DYNAMICS
A number of investigators have observed widespread' degradation of
freshwater swamp habitats fringing Northern Territory tidal river* and
have attributed this-to salt-water incursion (Stocked, 1971; Fogartv, 1982;
1-
•i
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O'Neill. 1983). In a detailed study comparing aerial photos from 1950, 1963,,
1978 and 1981 for the floodplains of the Daly, Reynolds, Finniss, Adelaide*
Vfary. Wildman, South Alligator and East Alligator rivers, Fogarty (1982)
identified feral water buffalo as the major cause of Salt-water incursions into
floodplain wetlands. He argued that, by wallowing within paleochannels,
and by trampling creek levees, buffalo have linked tidal channels with the
low-lying floodplain margins where the most productive freshwater habitats
occur (refer to ill drained lower floodplain unit in Figure 3.5). Fogarty
(1982) estimates that around 4200 ha of paperbark forest were killed by
salinization in the Mary river floodplain between 195.0 'and 1981. He also
shows that during the same period, ^ [hc tide limit extended up tributary"1
creeks of the Mary river a distance of 8-10 km. O'Neill (1983) provides a more
detailed account of the changes undergone in the South Alligator river
r e g i o n . " » '
More recently, in an assessment of floodplain salinization along the
South Alligator river,. Woodroffe et al. (1986) argued that an increase in tidal
•'*,
amplitude along the river was the dominant cause of tidal creek extension
and salt-water incursion- into freshwater habitats. They attribute this
change to the widening and shallowing of the river during its late' Holocene
change from a sinuous to cuspate form. Woodroffe et al. (1986) use two sets of
data to demonstrate .their case, these being (i) survey data comparing >e
upper elevation of mangrove vegetation along, the river with upper
elevations of buried mangrove ^ pollen assemblages, and (ii) a comparison of
tide height data for tho modern river with tide height predictions for the
assumed paleo river, obtained using simple analytical calculations, and a one-
dimensional linear'tide model (see Woodroffe « al., 1986 - Appendix A2).
Their findings are reviewed briefly below.
. Figure 7.20 sfcows measurements of upper elevations of modern and _..
paleo mangrove along th.e S6u;th Alligator river. This plot shows that the
difference between upper levels of modern and mid-Holocene mangrove
317
q
±
4 H
£ 3H
at
LU
1 H
MODERN UPPER MANGROVE
PALEO UPPER MANGROVE
S. ALLIGATOR MWU-.
ADELAIDE MWL
20
EL I
40 60 80 100
DISTANCE FROM MOUTH (km)
Figure 7.20: Comparison of upper levels of contemporary mangrove
vegetation and upper mangrove limit in pollen cores along ^ the South
Ar
and Adelaide rivers.
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increases abruptly within the cuspate segment. Based on the assumption that
mangrove elevations are reliable indicators of high ^ e fevels. Woodroffe et
al. (1986) argue that this divergence reflects an increase in tidal amplitude , '
in the upper reaches of the river. However. Grindrod (1988) cautions against
this interpretation, noting that sediment' compaction causes downward
movement of mid-Holoccne mangrove deposits. Nevertheless, he also argues -
that compaction should be most pronounced towards the mouth of the river
as the coastal plain sediments have a thicker overburden and are underlain
by less cohesive basal materials'. If this is the case, then the increasing
difference between modem and paleo mangrove levels along the river is all
the more significant. -
Woodroffe et al. (1986) also compared tidal parameters of the modern
" rf *
 t
South Alligator river, against parameters calculated and inferred for the
'
assumed paleo river form with a narrower and deeper sinuous channel.
Their estimates consider three separate factors: (i) effects of a change in
friction, (ii) effects of shallowing, and (iii) effect of a change in mean water
level. All the effects they refer to relate to the tidal status at the South
Alligator river bridge site at km 79. Using Adelaide river tidal behaviour as
an analog for the paleo South Alligator, they estimate that changes in
friction would have caused a 0.2 m rise in tidal range. Independent of this
estimate, they also provide simple analytic calculations which indicate that
shallowing would have resulted in a 0.4 m rise in tidal range. Finally, they
estimate that a rise of 0.5 m has occurred in mean water level since the
change from a sinuous to cuspate form. This estimate was derived by using
the slope of MWL for the Adelaide river as an analog for the paleo South
Alligator, but they offer no mechanistic reason for this change. Figure 7.20
shows the MWL slope comparison for both rivers.
Woodroffe et al. (1986) conclude that the full set of effects of change in
channel form in the South Alligator river amount to a 1.1 m rise in spring
tide high water level at the bridge site relative to the coast, since mid-
•I
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Holocenc times. This should have been estimated as 0.8 m. as thei, friction
and shallowing effects are expressed in terms of tidal range,.not amplitude.
More detailed calculations carried out in this thesis indicate that tide heights
in the modem river should in fact be lower than in the paleo river and thus
conflict with the results of Woodroffe et al. (1986). These estimates are
reviewed below.
Tidal simulations were performed using CORAL to compare the tidal
behaviours of the modern and assumed paleo forms of the South Alligator
river. Simulations were performed for dry season, spring tide conditions
only and for two different channel states, defined as MODERN and PALEO. The
MODERN channel form is based on the contemporary river morphology, as
-4
used in the simulations reported in Chapters Eive and Six. In the PALEO form,
sections betwee_r^Jcm 50 and 82 are narrower and deeper than at present and
reflect the assumed morphology of the channel about 2,500 years ago (as
described by Woodroffe et al., 1986). Differences in channel widths and
depths used for the MODERN and PALEO river forms are summarized in Table
7.4.
Comparative tide heights and current velocities are shown in Figures
7.21 and 7.22 respectively. In each case, results are shown for stations at km
53, 64, 70 and 84 over a 36-hour time period. All tide height estimates are
expressed in m relative to A.H.D. *
Figure 9.-21 shows thit at all four stations, maximum tide levels and tidal
ranges are predicted to be lower £/ the MODERN channel than for the PALEO
form. The maximum tide height at km 53 is 0.3 m lower, at km 64 it is 0.4 m
lower, while at km 70 and 84, the difference is 0.5 m and 0.3 m respectively.
Tidal range at the same stations is predicted to be 0.4 m. 0.9 m. 1.0 m and 0.8 m
lower respectively. Ebb/flood duration asymmetry is slightly less
pronounced in the PALEO river form; at km 84 the spring tide duration
asymmetry index (SDAI) for the MODERN channel is 2.20, while for the PALEO
form it is only 1.90. It also appears that tidal celerities are marginally higher
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in the PALEO form than for the MODERN channel. At km 84 for instance, the
HW lag relative to the occurrence of HW at the river mouth is 144 mins for
the MODERN form and 128 mins for the PALEO form.
DISTANCE
(km)
50.3
51.7
53.5
55.3
57.0
58.3
59.8
62.0
64.1
67.0
70.1
72.3
75.0
77.1
80.0
81.8
MODERN W
(m)
858
583
651
581
608
590
511
360
289
420
320
390
250
260
220
190
PALEO W
(m)
600 ;'
580
550
500
480
450
400
300
250
250
230
230
200
150
150
125
MODERN dmax
'(m - A.H.D)
-7.2
-10,3
-8.2
-9.5
-6.6
-8.3
-7.0
-5.1
-8.2
. -8.2
-7.3
-4.1
-4.2
-6.2
-5.5
-3.9 :
PALEO dmax
(m - A.H.D)
-10.5
-10.3
-10.2
-10.0
-9.0
-9.0
-8.7
-8.5
-8.5
-8.2
, -8.0
-6.5
-6.5
-6.2
-6.0
-6.0
Table 7.4: Channel widths (W) and maximum channel depths (dm a X y) for
M O D E R N and assumed PALEO forms of the South Alligator river as adopted in
tidal simulations performed using model CORAL.
These differences in tidal heights, celerities and ebb/flood durations ,
are reflected in predicted patterns current velocity. Figure 7.22 compares
predicted current velocity patterns for the two different channel
morphologies. At all four stations shown, ebb/flood asymmetry in current
velocities is less pronounced in the PALEO form than in the MODERN. At all
stations except km 53, PALEO ebb velocities exceed MODERN ebb velocities by
between 5 and 20%, though only minor differences are evident in flood
velocities. Although the absolute differences between current velocities
within the two river morphologies seem small, the increase in asymmetry of
ebb/flood duration and velocity suggests that the tendency for sediment to
move upstream during the dry season will have increased since the river
2-
0-
-21
r\
18 30 42
18 30 42
TIME (hra)
Figure 7.21: Model predictions of dry season, spring tide water levels for two different channel morphologies, South
Alligator river. Predictions shown relate to sections at kms 53, 64, 70 and 84. MODERN denotes present channel
morphology; PALEO denotes assumed morphology of former river channel where shallow and wide cuspate segment is
replaced with a deeper and narrower sinuous segment (see section 7.8 for explanation).
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became cuspatc. These finding, are consistent
 wilh field ^ numcrical
modelling observations made by Friedrichs and Aubrey (1988). who found
thai flood tide dominance increases as- the flow 'depth
 dccrcases in relation to
t i da l amplitude.
7.9 PRINCIPAL RESULTS OF CHAPTER SEVEN
This chapter has described the evolution and morphometry of cuspatc
meanders in northern Australia, and patterns of flow and sediment
movement within these forms. This has been achieved by reporting a
combination of field observations, simple analytical calculations and
0
computer model simulations. Key findings of this chapter may be
summarized as follows:
(i) A total of 31 cuspate meanders was identified in northern Australia,
9
all of which were absent from Ahnert's (1963) worldwide census of estuarine
meanders. While the north Australian examples cited are distributed across
10 tidal rivers, over half occur in the South and East Alligator rivers.
(ii) Two principal types of cuspate meander have been identified,
termed concave and convex. Both types possess distinctive plan shapes and
cross-scctrtnT3t\profiles.
N^
(iii) Both typfs of cuspate meander form from prior sinuous bends,
though by different mechanisms. Concave cusps form through meander
lobing, while convex cusps develop when sinuous meanders widen and
increase their radius of curvature.
(iv) Horizontal eddy circulations occur in the flood lee of concave cusps
during the flood limb of dry season spring tides. The occurrence of these
eddies may be predicted using a simple analytical expression, formulated by
Wolanski et al. (1984). Model predictions of wet season current velocities and
flow depths indicate that eddies may form in the ebb lee region of cusps
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daring the ebb phase of spring and neap tides subject to large fluvial
inflows, though not during the dry season.
(v) Eddy circulations within 'cuspatc meanders appear to play an
important role in modulating bend bathymetry and bed sediment
distribution. Large shoals, composed mainly of fine and medium sands,
progressively accrete in the flood Ice region of concave cusps during the dry
season. The growth of these shoals is related to horizontal eddy circulations,
apd net upstream transport of sediment during the dry season. During wet
^season flooding, shoals are eroded and transported downstream. Sequential
bathymetric surveys within a concave cuspate meandefr in the South
Alligator river reveal that the bend is on average 0.5 m deeper at the end of
the wet season than late in the dry season when shoals are most developed.
i
(vi) While there are observable dynamic changes occurring within
cuspate meanders in the South Alligator river, aerial photographic evidence
indicates that, on average, they are stable features. In the Daly river, on the
other hand, high rates of 'meander migration have led to rapid alternation
between sinuous and cuspate shaped meander bends. This difference in
dynamic behaviour is related to tidal/fluvial flow interactions and the
resultant sediment transport balance. Due to high magnitude wet season
flooding, cusps formed by cutoff in the Daly riVer become the focus for new
sedimentation and ensuing channel migration, as is the case in -«vers with
s
uni-directional flow. In the South Alligator, however, the tendency for
sediment accretion on the downstream side of bends during wet season floods
is counterbalanced by net upstream transport by tidal flows during the dry
season.
(vii) In the South Alligator cuspate segment, current' velocities and
channel width/depth .ratios are conducive to horizontal eddy formation and
thus the maintenance of cuspate meanders. On the other hand, lower
channel width/depth ratios within the Daly river sinuous/cuspate segment
prohibit the formation of horizontal eddies.
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(ix) Model simulations of tidal behaviour in the paleo and modern forms
of the South Alligator river indicate that the change from a narrow.-deep
sinuous channel to a wide, shallow
 CUSpate channel has changed tide height
and current velocity patterns in the upper river. Predicted trends are for .a
slight decrease in tidal range and maximum tide heights, and a slight
increase in ebb/flood asymmetry of tide hcmicycle durations and current
velocities. These findings conflict with those of Woodroffe et al. (1986) who
.argued that recent episodes of flbodplain salinization in the South Alligator
river were attributable to increases in tidal heights, triggered by the
transition from a sinuous to cuspate form.
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CHAPTER EIGHT
i
SUMMARY, DISCUSSION AND RECOMMENDATIONS
FOR FURTHER STUDY
SUMMARY
Macrotidal rivers in far northern Australia have formed since the
post-glacial marine transgression into coastal valleys about 8000 years ago.
This thesis has described and compared the morphodynamic behaviour of the
South Alligator, Daly and Adelaide rivers in Northern Territory. Australia. It
has been shown that while each of these tidal rivers has formed under
similar boundary conditions of climate and sea level rise, they exhibit
dissimilar morphometries, hydrodynamic behaviours, bed sediment
characteristics and patterns of sediment movement.
This study was conducted within the framework of the Tidal Rivers and '
Mangroves Project, an Australian National University multidisciplinary
research program aimed at elucidating Holocenc changes in coasttl
vegetation and landfonns in Northern Territory, Australia. This thesis has
contributed to that project by providing an understanding of contemporary
interactions between channel form, hydrodynamic processes, sediment
characteristics and sediment transport in macrotidal rivers in the region.
Qualitative-descriptive, empirical and deterministic approaches were
adopted in this study. The methodology and kinds of analyses used were
dictated by a nomber of factors. The first relates to'the large scale and
remoteness of the systems being investigated. Each river is tidal for between
100 and 130 km inland and channel widths are of the order of several
hundreds of metres over much of Ac study area. In addition, the Daly and
South Alligator rivers are separated by a distance of over 450 km. The second
relates to the highly dynamic nature of the tidal rivers. Tidal ranges are
estuaries in
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extreme (up to 6 m), Current velocities are high (up to 25 m/s)
sediment concentrations are 'large (up to 16 ^ Md channd mjgration
is often rapid <up to 65 m/year). The third factor wi the lack of prior
research on north Australian tidal rivers and macrotidal tropical
g e n e r a l .
The preceding chapters have:
(i) described and compared the plan and cross-sectional morphomctries
or the study rivers;
( i i ) ' described rates and patterns of channel migration at ^various points
along each of the study rivers; '
( i i i ) described and compared hydrodynamic behaviours of these rivers,
t
using field data and numerical modelling techniques;
t
( i v ) described and compared patterns of suspended sediment transport, ahd
bed sediment distributions within the rivers;
( v ) estimated the relative sediment transport capacities of ebb and flood
tidal currents at various points along each of the rivers under
different hydrodynamic conditions;
( v i ) estimated how monsoonal floodwater flows in each of the rivers can
modulate tidal hydrodynamics and sediment transport .behaviour;
( v i i ) described the morphometry of cuspate meanders within the study
riverk and described patterns of flow and sediment movement
\
through these bends;
( v i i i ) described how cuspate meanders Jorm and .explained why they are
stable channel forms in some Jidal rivers, but not in others; and
( i x ) . - assessed the likely effect of cuspate meanders on tidal hydrodynamics
and sediment transport processes in the South Alligator river.
At a more general level, this thesis has:
(i) provided a local understanding of tidal river dynamics whicn will
enable refinement of conceptual models of coastal landform evolution
in northern Australia;
( i i ) contributed to general theory of how ti
and
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tidal rivers form and function;
( i i i ) provided a framework for more detailed studies of tidal river '
morphodynamics in northern Australia and other macrotidal rivers in
monsoon climates. »
>
Key findings of this thesis have been summarised in sections 4.7. 5.7. 6.6
and 7.9. These findings are discussed below..
4
8.2 DISCUSSION AND RECOMMENDATIONS FOR FURTHER STUDY
* ."''
 :
To conclude this thesis, a discussion of the key findings and limitations
• *
of the study is warranted. The following discussion is focussed, around issues
*
of (i) channel * morphometry and channel change, (ii) tidal river .
hydrodynamics and sediment transport, (iii) cuspate meander
 v '
i
morphodynamics. and (iv) implications for the futurfc of tidal rivers in the
.S - ' '-, .
study region.. This discussion includes recommendations' for further study in
north Australian tidal rivers and estuarine morphodynamics in t general.
8.2.1 Channel morphometrv and channel
The plan morphometries of sinuous meanders in the South Alligator and
Daly rivers are similar to those reported for tidal river systems of the Scheldt
area in the Netherlands (Geyl, 1976a) and in the Manning delta distributary
in northern New South Wales (Jenks. 1982). For given channel widths,
meander wavelength, amplitude and radius of curvature are ^generally.
Wr than commonly observed in fluvial river meanders! The paucity of
field data on -channel form -in other estuaries makes these observations
difficult to evaluate, but it d<*s appear that common lavs of meander
geometry developed in fluvial systems do not apply to strongly tide dominated
tuaries. There is a clear need for
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systematic surveys of tidal river meander
-ometries across a variety of morpho-cllmatic and tidal environments.
The importance of channel/form inheritance in tidal river
orphodynamics has been illustrated by the Adelaide river examplc>" Fbur
actors indicate that the Adelaide river has an inherited fluvial, rather than
i .
. ida l . form: (i) meander geometries resembling those, observed in fluvial . '
rivers, (ii) cross-section profiles revealing that the river is deeply incised
« i
into a Pleistocene laterite - surface, (iii) lower width/depth ratios than in the
other study rivers, and {iv) a relatively low width tapering coefficient over
/ ' i
most of its length. One can only speculate as to how the Adelaide river might
have developed through the late Holocene were it not for the' bedrock
constriction near the "mouth of this river. This constriction has considerably
dampened the tides entering the river, resulting not only in a lower tidal
range, but also in lower current velocities and less pronounced tidal
asymmetry. Consequently there is hJss of a tendency for upstream sediment
transport in' the Adelaide river and, therefore, less tendency for the river to
\
fill with sediment and move laterally.
/
Paleochannel dimensions in the South Alligator nver indicate" that it
has undergone a late Holocene transition 'from an Adelaide river-like fluvial'
form to a wider funnel-shaped channel with very different meander
planform. attributes. However, the transition is not complete as the South
Alligator river retains some fluvial formelements in the sinuous segment,
where the 'river is deeply incised into/lhe Pleistocene laterite surface. This
part of the river has both the Iowest^id7h7depth ratios and, excepting the
cuspate segment, the lowest width tapering coefficient.
The Daly river, has proved to be an excellent site fit* the study of tidal
river channel change; the maximum migration rates of (around 65 m/year
are high by'any standards. Comparison of aerial photos from 1950, 1969 and
1983 have'yielded much useful 'information 6n rates and modes of channel
migration, but more' frequent surveys are needed' to quantify when most
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:angc occurs. Avrthbl. evidence i, insufficient ,„
 dclennine „„„„„
iannel change is gradual or episodic.
Aerial photo-based, monitoring of channel change in the Daly river
nould be supplemented by measurements of bank sediment texture and '
.ear strength in each of the study rivers. Such measurements could help to
< xplain the comparatively high rate of bank migration in the Daly river.
The ratio between dry season tidal prism and wet season flood volume has
already been identified as a major determinant of channel migration rate,
* '
though it is probable thaj. bank cohesion "is also important. Woodroffe et al.
. *»• •
(1986) sifggest • that the Daly river banks are sandier and, thus, less cohesive
than the banks of the South Alligator and Adelaide rivers (see their Table 9*
p. 145), though there are few field data available to substantiate their claim.
Additional measurements of bank sediment texture and' shear strength
could also valuably aid further - investigations of channel funneling in the
study rivers. It was shown in Chapter Four that the rates of tapering in
channel width of' the South Alligator and Daly rivers are much higher than
reported from tropical estuaries elsewhere in the world (see Table 4.2). These
high values are probably attributable to the fact that the floodplains of these
systems ar<^ composed almost entirely ^  of unconsolidated Holocene sediments
and that there is little structural control of channel migration (unlike the'
Ord river, described by Wright etal., 1973). Low rates of funneling over most .
*Oi ' ' '
of the Adelaide river and in th^iuous segment of the South Alligator river
result from morphologic control by previous fluvial channels. In the South
Alligator river cuspate segment, the low local rate of funneling is'due to the
recent changes in channel state.
8.2.2 rivr.r vdmlYTIrVTV" and Srdimffm ™™™
'The two most significant hydrodynamic parameters identified in the
study rivers are (i) the ebb/flood asymmetries of tidal hemicycle duration
. - i d current velocity, and (ii) the ratio of
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wet season fluvial discharge to tidal
,sm. It has been shown that ebb/flood durations and current velocities are
:ymmetric in each of the rivers-and that. asymmetry increases with distance
.stream. The degree of tidal asymmetry, and its amplification with distance
pstream. varies between rivers, depending on longitudinal patterns of
tunnel width and depth. While the flood tide hcmicycle duration is shorter,
B
 0
!he accompanying current velocities are appreciably higher. This produces
a corresponding asymmetry in ebb/flood sediment transport capacity along
the rivers, whereby the relative tendency for upstream transport (per unit
cross-section area) increases "with distance from the mouth. This tendency
has been reported widely in estuarine sediment transport studies (Wright et
a/., 1973; Boothroyd and Hubbard, 1975; Aubrey, 1986; Dronkers, 1986; Choi,
1988). Under the monsoonal climate of the study region, the ratio of wet
season fluviaUdischargc to tidal prism is the key to the net sediment balance
of tidal rivers. The geomorphologic significance of, this relationship can be
r *• * '
demonstrated by reiterating the South Alligator and Daly river compari|pn
made earlier. - .
During the dry season, the mean transport capacity of the flood tide
around the middle of both the South Alligator and - Daly rivers, exceeds the
ebb transport capacity by a factor of between 3 and 5. However, the Daly
river has a catchment which is 5 times larger, and a tidal prism about 10
times smaller, than the South Alligator. This results in a. dramatic difference
in the ability of the wet season floods in the two rivers to reverse cumulative
dry season fluxes of sediment towards the heads of the .estuaries. Transport
estimates based on the Bagnold (1966) equation indicate that around one 2
year flood.day is required to balance 330 days of dry season transport in the
middle of the Daly river; in the-South Alligator river, around 600 2 year flood
days are needed. Potential "sources of error in these estimates' haVe been "
reviewed, but whichever way these figures are rationalized, it is evident that
1.
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'.* are very
 significam difference, in tne sedimcnt nushing capabm,y „,
t.se two rivers. '
• *
A major deficiency of this study, and an impediment to future
.drodynamic investigations in the study area, is the lack of wet season
drologic data for the lower South Alligator and Adelaide rivers. Wet season
• ow data arc difficult to obtain in the study area because Of (i) the logistic
:.fficulties of traversing flooded low-lying areas, and (ii) the high *
variability of rainfall and runoff volumes. The adopted estimates of wet
season fluvial input to the rivers have already been acknowledged as
simplistic. There is a vital need to improve these estimates, either by direct
gauging or by more sophisticated flood runoff modelling. Given the large
I
size and highly dynamic nature of the study river systems, field
*
measurements of fluvial contributions to the rivers could only be performed
by a well equipped. hydrographic group. Modelling studies might prove more
«
tractable, but are likely to produce equivocal results without good field data.
The application of sediment transport formulae in this study has
provided some insight into the relative transport capacities of ebb and flood
flows at various points along the rivers, under a range bf hydrodynamic
conditions. However," more realistic predictions may be obtainable through
use of proper sediment transport models, A wide range of steady, quasi-
steady and unsteady sediment transport models are in common use by alluvial
river engineers. Among those widely used are the HEC (Hydrologic
Engineering Center. 1977), FLUVIAL (Chang. 1982) and lALLl^iAL (Karim
and Kennedy. 1982) models. The advantages that such models offer over the
type of transport estimates made' in this study are that they may (i) couple or
semi-couple flow and sediment transport processes, (ii) handle mixtures of
sediment sizes, (Hi) distribute bed scour and fill across sections and
^corporate the effect of these changes in subsequent calculations, (iv)
simulate bank erosion and deposition, and (v) account for the effects of
secondary flows. While these added capabilities would improve our
a
*
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..demanding of sediment transport processes in the study rivers, it is
.ubtful that they would yield load estimates demonstrab.y more accurate
iun those reported in Chapter Six.
In a review of sediment transport models, Dawdy and Vanoni (1986),
rgue that predictions from all numerical transport models, irrespective of
nejr sophistication, are ultimately subject to similar levels of uncertainty.
[his is because they are,all based on the same set of imperfect sediment
transport functions, among which the Bagnold (1966).* Engclund-Hansen
(1967) and Ackers and White (1973) formulae are widely used. Indeed. Karira
>
and Kennedy (1990) have recently argued that the accuracy in load
prediction achieved by use of sediment transport formulae, can be obtained
from nonlinear multiple-regressions relating sediment discharge to current
velocity, bed-form geometry and. channel friction factor.
Further modelling of sediment transport in the study rivers needs to be
supplemented by a field measurement program. Improved measurements are
needed of both suspended and saltation load in the rivers: Additional -
suspended load observations are required to better understand the process of
floodplain accretion, while saltation load data arc needed to^explain dynamic
changes in channel bathymetry and lateral migration.
Turbidimetric -techniques appear well suited to remote and continuous
recording of SSC in estuaries, though the large size of the study rivers and
their highly variable flow demands large sets of measurements for adequate
integrated sampling. Owing to the prevailing asymmetry of tidal currents in
the study rivers, it is likely that export of fine sediment from these systems is
negligible. Indeed, Woodroffe et al. (1986) an* Chappell (1990) infer from
the South Alligator floodplain stratigraphic record, a net import of fine
material from the sea ov*r the last 6000 years. A sediment budget geared to
testing this hypothesis would need to be based on highly accurate
measurements of SSC. because the difference between ebb and flood fluxes of
sediment is likely to be small in relation to the suspended load within:the
m
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•vers. Recently. Chappcl, (I990f has suggested that consideration be given
, the effect of evaporative pumping, whereby estuarine waters are
.aporated and replenished by sediment-laden off-shore waters, resulting in
radual increases in SSC,through the dry season and in a net upstream
.ovement of fine sediment. Such trends have been observed in arid-zone
stuaries of South Dakar. Senegal and Gambia by Barusseau et al. (1985).
Further investigations are also required into the dynamics of shoal and
point bar deposition and erosion and their role in channel change. Such
studies need to be based on field measurements of saltation load transport.
Recent studies have shown that bedload transport rates can be accurately
estimated from bedfOnn heights and celerities if sufficient bed profiling is
conducted (Nakagawa and Tsujimoto, 1984; Van Den Berg. 1987). Dinehart
(1989) has demonstrated that sonic depth sounding measurements taken at a
stationary point above a streambed can be used to monitor dune migration.
While thus far Applied only to shallow, gravel and sand bedded streams, this
i
technique may provide a tractable means of measuring bedload transport in
megaripple fields of north Australian tidal rivers.
mk
II*?.;
8.2.3 Cuspate meander mflrph°d.vnamics
The study of cuspate meanders reported in this thesis represents the
first detailed examination of these forms since the pioneering work of
Ahnert (1960) on estuarine meanders in Chesapeake Bay. Maryland. A later
study by Ahnert (1963)' described the geographic distribution of these forms.
but provided little additional insight into their evolution and mechanics.
Since that time. Lewis and Macdonald (1970) have argued that the presence of
estuarine meanders permits a range of morphodynamic inferences to be
made regarding the environment in which they are set. Examples of these
• r i, . 'm the coast has remained relatively stable during theinferences are that (0 tne coast nua /
/•-» ,fc* ™»f is a low- to moderate-energy environment, and (iii)
recent past, (H) the coast is a to*
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:c maximum
current velocity for both the ebb and the flood tide occurs at
•ean vater level (Lewis and Macdonald. 1970; pp.195-196). None of these
,ierences arc valid for the South Alligator river. The mouth of the river
is prograded several hundreds of metres seaward during the late Holocene;
ave energy is low to moderate, but tidal currents are very strong; and peak
bb and flood current velocities occur above and below mean water level
r e s p e c t i v e l y .
The present study has shown that: (i) concave and convex cuspate
meanders can be distinguished on the basis of plan and cross-sectional form;
( i i ) both cuspate meander types' develop from previously sinuous bends; the
concave type forms via a lobing process, while the convex type forms
through channel enlargement; (iii) large horizontal eddies, initiated by flow
separation at cusps, influence cuspate meander bathymetry and stability; and
( i v ) cuspate meander stability is dictated by ebb/flood tide relations, the
relation-ship between tidal and fluvial flows and their mutual effect on net
sediment transport. Despite these contributions to the understanding of
cuspate meander formation and dynamics, additional field and modelling
studies are needed to better define the flow and sediment transport
mechanics of these forms.
It was shown in Chapter Seven that a simple analytical model could be
used to predict the development of horizontal eddies in the lee pf cusps. A
critical weakness of this model is the need uT estimate the criterion for
initiation of flow separation at cusp points. In this.study, it was assumed that
now separation in cuspate meanders occurs when current velocity exceeds
1 m/s. Although based on field experience in the study area, such an
assumption is equivocal and cannot a priori be adopted elsewhere. The
process of flow separation in natural channelsls undoubtedly complex,
being mutually influenced by the pattern of current velocity at the bend
entrance, flow depth, bed roughness, bed and bank shear *ress and the
shape of the flow obstruction. To the write* knowledge, no theory exists for
H
..
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, prediction in natural channels. Until such theory is developed, further .
old observations^ How separation in the study rivers, for different bends
,d under different How conditions, are required. These will at .east provide
sender empirical framework for estimating the occurrence of horizontal
Idles in cuspate meanders.
While return How has been observed frequently in the Ice of cusps in
he South Alligator and Daly rivers, it is doubtful that these observations
always imply the occurrence of horizontal eddies. Detailed field data on the
structure of flow fields in cuspate meanders must be obtained in the future,
to properly validate the hypothesis of eddy circulations an^d to test
*
predictions of eddy width and durations. Such data would be logistically
difficult and expensive to obtain, due to the large size and highly dynamic
behaviour of these channel forms. Fof instance, to monitor tide cycle
changes in the structure of the flow field in a typical intercusp reach in the
South Alligator river (an area of around 900 x 700 m) would require
deployment of at least 24 recording directional flow meters (configured, say,
in a grid of 4 x 6). ' *r
However, other, less complex types of measurements could be performed
to improve our understanding of flow through cuspate meanders. Wolanski
et al. (1984) used drogues to determine the dimensions of horizontal eddies in
the lee of elongate coral reefs in northern Queensland. In the same study,
time-lapse aerial photography revealed sediment plumes which also
» "
indicated the dimensions of the eddies. .Under certain conditions, sediment
plumes may be detectable from the air in the South Alligator river (see for
instance. Plate 6.2). but would generally not be visible due to turbulent
mixing. Smith et al. (1979) used fluorometr^ dye tracing techniques to map
now patterns in backwater swamps draining into the East Alligator river.
They used both aerial photo and water sampling techniques, the visual * '
method yielding superior information on flow patterns. If dye plumes are
visible from the air in the highly turbid waters of the tidal rivers, these
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.uld be photographed at various time intervals to define now patterns
rough cuspate meanders.
Late in the present study, a two-dimensional numerical model of
.steady now wa| used to simulate now patterns within a concave cuspate
,cander in the South Alligator river (this bend is shown in Figure 7.4). The
,odel. RIBBON, was developed by D> Eric Wolanski of the Australian Institute
)f Marine Science (AIMS) to simulate now patterns behind islands in the
open sea. In the present study, RIBBON was adapted to model now in a
shallow curved channel. This work has not been completed and is thus not
included as part of the thesis. However, some mention of it here is pertinent
because such modelling can benefit future morphodynamic investigations of
cuspate meanders.
Inputs to the model are (i) meander bend bathymetry, represented by a
grid of 1800 depth nodes. (4^) half-hourly values of tidal stage for a 48-hour
period, (iii) half-hourly values of mean current velocity in four verticals
located across the channel at the outfiow end of the bend, also for a 48-hour
period, and (iv) a Manning roughness coefficient, n. The primary output
from the model is mean fiow velocity and direction for each depth node, at
15-minute intervals. These are graphed as arrow plots which clearly
illustrate the structure of the fiow field within the meander. Initial results
from the model have been very encouraging. These are based on inputs of
measured dry season spring tides and current velocities, detailed
measurements of mid-dry season bathymetry and an n value of 0.02
.according with the value fitted to' tide model CORAL; see Table 5.5). Eddies are
Vredicted -to occur in the lee of cusps over a period of about an hour during
flood tides, though eddy widths were much smaller than observed in the field.
In some situations, the eddies are. elongated rather than circular, while in
other cases, two separate small eddies are shed off the cusp. The predicted
'now field structure is very sensitive to the value of n used. No eddies^rm
with n values less than 0.018 or greater than 0.022. Application. *,d further
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velopment. of this model is continuing in collaboration with Dr Eric
o.anski of AIMS and Dr Peter Ridd of
 James Cook University, TownsviUe.
,ch modelling can .valuably complement any
 future ficld, measurcments of '
ow and sediment movement through cuspate meanders in the South
iligator river. In particular, if JUBBON can be validated on a limited set of
- ,eld observations, then it could be applied to explore the effects of changes
;n bathymetry and hydrodynamic conditions on flow patterns in cuspate
m e a n d e r s .
Observations of seasonal ohanges in the location, size and sediment
texture of mid-channel shoals in cuspate meanders suggest that sediment
focussing by eddies is an important determinant of bend bathymetry. This
interpretation differs from that of Ahnert (1960). who argued that mid-
channel shoals in the intercusp reaches of estuarine meanders were simply .
caused by slack water between separate flood and ebb channels on either side
of the charinel. Further observations of sediment focussing should'
concentrate on describing the sedimcntology of the shoals. If circulatory
flows do focus sediments, then bed sediment texture should fine towards the
centre of the shoal. Ripple orientations on shoals at low water are unlikely
to reveal circulatory currents, as th<$se would only indicate flow direction in
the final stages of the ebb tide hemicycle.
Finally, added insights to cuspate meander morphodynamics could be
gained by examining new study sites. The Malaysian Archipelago offers
great promrse in this respect. Ahnert (1963) detected more than twenty
estuarine meanders in this region, using 1:250000 and 1:100000 scale maps.
While some of these identifications may be equivocal at such coarse, map
scales, the writer has seen several more Malaysian examples on better
resolution map. and aerial photos. It is perhaps timely to review the
Chesapeake Bay marine meanders, to see whether observations of cuspate
meander formation and dynamics in north Australian tidal river, are
relevant to the site where these forms were first documented.
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2.4
The* improved understanding of tidal
river morptiodynamics provided
. t h i s study can help to resolve several implant questions regarding
jture changes in nortlf Australian estuarine systems. Two practical'
samples with important estuarine management implications arc (i) the
,alinization of freshwater swamps at floodplain margins, and' (ii) the
consequences of sea level rise on tidal river hydrodynamics, sedimentation
regimes and floodplain hydrology.
In Chapter Seven a one-dimensional tide model, calibrated with field
data, was applied to the South Alligator river, to assess what role the late
Holocene transition from a narrow, deep sinuous channel to a wide, shallow
cuspate one, had to play in the recent salinization of floodplain fringe
wetlands. The results indicated a slight fall in local tide levels, rather than a
rise as suggested by Woodroffe et al. (1986). Studies into the salinizatiqn of
# ' "~
the freshwater wcthands at the fringes of the South Alligator floodplain .
should continue, as the preservation of these systems is a high priority for
*
managers of Kakadu National Park. The recent policy of feral buffalo
exclusion from Kakadu National Park makes it timely to review assertions
that these animals are the cause of tidal creek extension and consequent salt
«• ' '
water incursion into floodplain fringe wetlands (Fogarty, 1982; O'Neill, ^983).
If buffalo arc to blame, the current trend of tidal creek extension anc
floodplain .salinization should slacken and eventually reverse as th/ salinized
sediments are leached by wet season runoff. In the meantime, al emative
explanations for tidal incursions into floodplain fringe wetlands sl^uld be.
tigated. It is possible, for instance, that floodplain subsidence
ntributing to the process. Grindrod (4988) suggests that sediment
compaction may * have resulted in up to 1.5 m of lowering in" the South
Alligator river floodplain over the last 5000 'years.
inves
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Bird (1988) reports sea ,cvc| rise forecast, ranging between ' 0.6 and 1.5
,100 years, as a result of global warming. New studies need 'to be initiated to
scss the likely impacts of sea level rise, both on floodplain ecology in the
,uth Alligator river region and on the agricultural potential of other
ortherfi Territory tidal river floodplains. ' it is imperative, however, that
*
.uch studies are founded on a detailed understanding of tidal river
morphodynamics. because the impact of sea level rise at the coast on tidal
r iver floodplains is likely to vary along and between rivers, depending on
the interplay between river morphometry. tidal behaviour and the pattern
of sedimentation which accompanies the change in hydrodynamics.
Tide modelling investigations of the kind performed in this study, but
coupled with sediment transport modelling, could help to discern which
floodplain systems are subject to the highest risk of tidal flooding. Moreover,
these may well provide insight into how tidal flooding regimeT might vary
over time as a consequence of channel and floodplain sedimentation. ,
Chappell (1990), for instance, has argued that flooding effects should be
greatest in tidal rivers such as the South Alligator, which are strongly tide
dominated and have negligible terrigenous sediment input. This, view is
based on the assumption that sedimentation in such rivers is unlikely to
pace with sea level rise. Modelling studies provide a unique framework to .
assess feedbacks between tidal hydrodynamics and sedimentation regimes in
such systems.
However, if modelling studies on estuarine morphodynamic response to
,ca level change are- to be undertaken, they need to be accompanied by
further field experimentation. Experience gained during this study suggests ^
:hat the 'oaly river could serve as a modern analog for the kinds of -
process/form adjustments which would take place as^ a result of sea level
change. Rapid fluctuations in channel length, width and depth have been.
shown to occur in the Daly river. These must involve corresponding
in tidal tehaviour and sedim.nu.io., regim«. Complen-cnur,
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asurements of long term channel change and tidal behaviour in'this river
uld provide insight into the various feedbacks between changes in
annel morphology, tidal How hydraulics and sedimentation. Minimum
tia requirements for such an investigation are (i> periodic aerial
:oiographic coverage of the river to permit assessment of temporal
/
ranges in channel width and length, (ii) continuous tide height
measurement at three or four points along the river, and (iii) one or two
bathymetric surveys per year to yield information on temporal changes in
channel depth. .These measurements could be performed, simply and
cheaply, by a local resource management agency such as the Northern
Territory Water Division, who already continuously monitor fluvial
discharge in the Daly river.
 4
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